Distribution of electrically active centres in boron implanted cadmium mercury telluride. by Pitcher, P. G.
University of Surrey
Department of Electronic and Electrical Engineering
DISTRIBUTION OF ELECTRICALLY ACTIVE CENTRES 
IN BORON IMPLANTED CADMIUM MERCURY TELLURIDE
by
P. G. PITCHER
A thesis submitted to the Department of Electronic and Electrical 
Engineering, University of Surrey, for the degree of Doctor of
Philosophy
June 1986
ProQuest Number: 10804368
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10804368
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
ABSTRACT
The objective of this work was to investigate the distribution of
donor-like centres produced by boron implantation into p-type, Bridgeman
grown Hg o0d Te and fabricate photodiodes from implanted substrates.O • o o * ^
16 ""3Low carrier concentration substrates, 4-5x10 cm , were implanted at
/ -2 -3 -2
room temperature with dose rates (0) of 4x10 or 6x10 jJAcm , to a
_ _ 15 + —2 14 + —2
total dose of 1 x 10 B cm (50,100keV) or 1x10 B cm (lSOkeV^
respectively. Encapsulated specimens were annealed at 200°C or 235°C
to activate the dopant or redistribute electrically active radiation
damage centres to produce p-n junctions.
The effects of materials processing on Hg^ ^Cd^Te was investigated by 
x-ray photoelectron spectroscopy. Concentration profiles of 
electrically active centres were obtained from differential 
measurements of the Hall effect and resistivity at 77K. Through a 
comparison of distributions in as-implanted and annealed samples, the 
nature of donor-like centres forming the distributions were established. 
The quality of photodiodes produced from identical samples was 
assessed through current-voltage, capacitance-voltage and optoelectronic 
measurements.
The nature and distribution of donor-like centres are dependent upon
the dose rate of boron ions. An immobile defect is contained within
the implanted region. Mercury interstitials (Hg. ) are complexed
_ 2 - 2  i n t
within the implanted region for 0 ^ 4x10 jiAcm . Irradiation
’ -3 -2
enhanced diffusion of Hg. . occurs if 0 6x10 iiAcm
m t  ^
Thermal annealing redistributes bound and unbound H9's^nt accompanied 
by recombination with mercury vacancies and the formation of
electrically neutral complexes. Annealing at 235°C for 10 mins
completely removes the donor-like activity ascribed to Hg's. andint
reduces the concentration of electrically active immobile defects.
P-N junctions are formed between the mercury vacancy distribution 
and unbound H9's^nt or t l^e immobile damage centres in annealed 
substrates. Junction formation is inhibited by the formation of 
the bound complex. Optimum products may be obtained
from junctions formed from the immobile defect centre, although
odegradation of the implanted region occurs after annealing at 235 C.
Anodic oxides grow by the differential electromigration of ions, which 
can produce a passivating layer to further anodization. The native 
oxide on Hg Cd _ Te is an ill-defined chemical mixture of the0* o 0» 2.
primary elements (Cd, Hg, Te). Native oxides degrade the RqA product 
of p-n junctions.
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INTRODUCTION
The first 'purpose-built* infrared detector was a blackened thermometer 
bulb, used by Sir William Herschel in 1800 to demonstrate the existence 
of infrared radiation beyond the red end of the visible electromagnetic 
spectrum. Significant advances in infrared detector technology have 
occurred in the last 40 years, following the intensive research into 
semiconducting materials and devices, spurred by the invention of the 
transistor by Shockley, Bardeen and Brattain in 1947. Detection of 
infrared radiation has since been demonstrated through a variety of 
different physical processes, most notably the photoconductive and 
photovoltaic effect, in elemental, binary, ternary and group IV 
compound semiconducting materials.
A key requirement for photodetection by a semiconductor - device is the 
generation of electron-hole pairs through the absorpticnof incident 
radiation. The activation energy of an impurity level, or the 
materials band gap must therefore equal the photon energy corresponding 
to the desired long wavelength limit of detection. These processes are 
termed extrinsic or intrinsic photodetection respectively. Prior to 
1959, infrared detection in the important infrared atmospheric 
transmission windows between 3-5jJm and 8-14jjm (corresponding to the 
300K terrestial background) was reasonably covered from l-8jum by several 
semiconducting materials at 77k , notably : Ge/InAs, Te, PbS, PbTe, InSb,
i
Bi Te. and PbSb. No known semiconductor was capable of intrinsic
i
photodetection beyond 8jJm. Mercury doped germanium was the principal 
semiconducting material for detection in the 8-14jim region. These 
detectors were cooled to 30K to "freeze-out" the impurity level and 
suppress the thermal noise resulting from the random thermal excitation 
of electron-hole pairs across the forbidden gap.
Higher, more practical operating temperatures for photon detection at 
8-14/im, e.g. the boiling point of liquid nitrogen (77K)y spurred the 
development of new materials for intrinsic photodetection. In 1959,
W. D. Lawson, S. Neilsen, E. H. Putley and A.S. Young (J. Phys. Chem. 
Solids, V.9, p.325) of the Royal Signals and Radar Establishment, Malvern, 
reported photoconductive and photovoltaic effects in the semiconducting 
mixed crystal system cadmium mercury telluride (Hg Cd Te) . The band
JL—X X
gap of this material is dependant upon composition (x), the x = 0.2 alloy 
having the required band gap of O.leV for 8-14jim detection at 77K.
Cadmium, mercury telluride (CMT) has since emerged from competition 
with other alloy semiconductor systems, in particular Pb Sn Te, as
x""X X
the premier semiconductor material for intrinsic photodetection at
3-14jim. CMT alloys have the advantages of a relatively low static
dielectric constant and can be grown with low levels of impurity
1 5 - 3
contamination (<10 cm ).
Photodetection from l-48jjm has been achieved with CMT alloys.
Detectors operating in the 3-5jim and 8-14jjm atmospheric transmission 
windows have been reported which have close to the theoretical limit 
of performance for broad band thermal radiation at 196K and 77K, 
respectively. Modern requirements in thermal imaging have led to the 
development of 2-D CMT photodiode arrays,, comprised of several thousand 
elements, hybridized with silicon charge coupled device (CCD) circuitry.
In contrast to .photoconductors, photodiodes require no external biasing, 
thereby minimising problems of power dissipation (cooling) and can be 
fabricated by planar processing techniques.
P-N junctions have been formed in CMT by impurity diffusion, in and
out - diffusion of mercury and by ion implantation. The latter process
is particularly suited to modern.planar processing technology, and
enables precise control over the dopant concentration profile.
Furthermore, ion implantation is a room temperature process, avoiding
problems associated with the changes in stoichiometry of CMT which occur
at elevated temperatures, as required in diffusion methods. The
potential of ion implantation to produce p-n junctions in CMT was
demonstrated by A. G. Foyt, T. C. Harman and J. P. Donnelly in 1971
(Appl. Phys„ Lett. V.18, P.321). These authors fabricated p-n junctions
from CMT wafers implanted with high energy protons, in the absence
of a post-implant thermal anneal. Many of the contemporary reports
on ion implanted CMT-have focussed on the use of a low dose boron 
13 + -2implant(-£10 B cm j to produce photodiodes in LPE CMT, composition 
factor x = 0.3., without need for a post-implant thermal anneal. Little
is known about the effect of implantation “parameters on the
distribution of implant induced donor-like centres in CMT. L. 0. Bubulac, 
W. E. Tennant, S. H. Shin, C. C. Wang, M. Lanir, E. R. Gertner and
E . D. Marshall (Jap. J . App. Phys. V .19, Suppl. 19-1, p .495) reported 
the first depth profile of electrically active centres in Be implanted
liquid phase epitaxial CMT (x=0.3) in 1980.
The aim of this project was to investigate the nature and distribution 
of donor-like centres produced by boron implantation in both as-implanted 
and post-implant annealed Bridgeman grown CMT, composition factor 
x 0.2, and to fabricate CMT photodiodes, For the sponsoring body, 
Racal-Slough Ltd., for use in infrared range finder equipment.
Samples were implanted at room temperature and low dose rates
-2 -2 14 15 + -2(<8 x 10 ^Acm ) over the dose range 10 -10 B cm . Emphasis
was placed on experiments concerning the former, due to the lack of
photolithographic facilities and the limited supply of this expensive
2
material (£1,000/cm ) . Device grade material was unavailable 
commercially. The distribution of donor-like centres were determined 
from cryogenic differential Van der Pauw measurements of the sheet 
resistivity and Hall coefficient, assuming donor-centres to be 
monovalently ionized. The nature of these centres (dopant or
defect) was established through a comparison of the distributions with
j
the calculated distribution of the implanted boron atoms, together 
with the effects of dose, dose rate and post-implant anneal upon 
the distribution of donor-like centres in as-implanted material.
The quality of CMT photodiodes produced by boron implantation 
was assessed through cryogenic current-voltage, capacitance- 
voltage and optoelectronic measurements. Problems associated with 
the chemistry of materials processing procedures were investigated 
through X-ray photoelectron spectroscopy.
CHAPTER 1 A SURVEY OF THE LITERATURE OF ION IMPLANTATION INTO
CADMIUM MERCURY TELLURIDE
1,1 ELECTRICAL ACTIVITY OF ION IMPLANTED LAYERS
The first use of ion beams to modify cadmium mercury telluride (CMT) 
electrically was reported by Foyt et al (1971,1). Junctions (n-p) 
were formed in bulk grown* p-type material, with a composition**
0.25 < x <0.5, through proton irradiation. The n-type electrical 
activity was presumed to result from irradiation damage, in the absence 
of a post-implant anneal (see table 1.1.1, applicable throughout this 
survey). Subsequently, Fiorito et al (1973,2-5) also produced n-p 
photodiodes by the implantation of 30 KeV Hg+ into p-type material.
Again no post-implant anneals were performed. Implantation of the 
donor Al+ (6) by Marine and Motte (1973,7) produced the first high 
quality CMT n-p photodiodes operating at l0.6yllM. In this case a 
post-implant anneal was used but the authors were unable to determine 
whether the observed electrical activity!was due to lattice defects of 
chemical doping. Bubulac et al (1980,8) have reported junction 
formation without post-implant annealing in liquid phase epitaxial
(LPE) p-type material, x = 0.3, for a variety of implanted species
+ + +  + + +  + + +
(B ,C1 ,F , Al , Hg ,H ,Li ,Mg ,Be ), as listed in table 1.1.1.
Igras et al (1977,9) reported the first study to correlate type
conversion with the species of implanted ion. Diodes were fabricated
+ + + +
in p-type wafers implanted with the donor ions Al , In , Zn and Hg . 
They, assumed that the observed type conversion was not caused by changes 
in stoichiometry during processing. In contrast type conversion was 
not observed in n-type wafers (x>0.2) implanted with the acceptors
4 . 4 . 4-
p , N and Au . Igras et al speculated that this was a result of 
compensation through irradiation induced defects as no post-implant 
anneals were performed in their study. Furthermore, the effect of 
different implant conditions on junction properties was weak 
(table 1.1.1).
* Hereafter text refers to bulk grown material unless stated 
otherwise.
** Where x is the mole fraction of CdTe in the alloy Hg^ ^Cd^Te
Junctions have been formed by the implantation of acceptor ions and 
p-n structures have been reported both by Koehler (1977,10) and 
Shanley et al (1977,10) following an Au+ implantation and by Chapman
(1978,10) in material implanted with P . Sood et al (1977,10) have
. j .   —  —  —  —  —  —  —
formed p -p structures using dual P and As implantations. All of 
these authors report.that implanted acceptors produce n-type activity. 
Post-implant anneals at several hundreds of degrees Celsius were 
required to produce p-type activity and the formation of junctions 
(table 1.1.1). Again the mechanism giving rise to type conversion was 
not identified.
Riley (1977,10) studied the dependence of carrier density upon the
implanted dose. The substrates were p-type with x = 0.28. The sheet
_2
electron concentration (electrons cm ) resulting from the implantation 
of boron was always in excess of that calculated for a layer containing
_ 3
a homogenous carrier density (electrons CM ) equal to the peak in the
dopant concentration extending over the LSS profile (11). A linear
13 + -2dependence was observed for doses <10 B cm ) tending to saturate at 
higher doses. After annealing(temperature and duration not reported) 
carrier densities were close to the calculated value. Riley concluded 
that the electrical activity was due to damage. This conclusion was 
also drawn by Margalit et al (1978,12) who.observed that the sheet 
conductivity and carrier concentration were nearly independent of dose 
and implant species (Table 1.1.2). In contrast to Riley their 
substrates were n-type for long wavelength application (x = 0.2). 
Destefanis (1983,13) has reported that the carrier concentration is
independent of the dose rate over the current density range 0.05 -3.5
-2 13 + -2
jX Acm for implants of 10 B cm . In a further experiment Margalit
(12) observed that similar electrical activity was produced both by B+
or Ar+ (an inert species) over a range of implant energies (50-300 KeV)
confirming the n-type nature of irradiation damage. The sheet
electrical parameters'were insensitive to annealing temperatures up
to 80°C.
Ryssel et al (1980,14) have investigated the thermal activation of 
•implanted acceptors and donors in both n- and p- type material, x = 0.2. 
The samples were encapsulated with ZnS prior to annealing in an 
atmosphere of nitrogen or mercury vapour. Samples were annealed for 
30 minutes at temperatures of up to 250°C.. The use of control samples
in experimentation was not reported. In accord with earlier work, 
acceptor implants were activated by the anneal. Annealing improved 
the zero bias resistance of n-on-p devices, see table 1.1.1.
Kolodny and Kidron (1980,15) have substantiated the results of previous
authors when they produced n-on-p junctions by the implantation of B+
+ + + 
and Al (donors), P (acceptor) and Ar (neutral). The performance of
their devices, in conjunction with the sheet electrical properties, led
the authors to conclude that the n-type conductivity of as-implanted
layers is due to damage since the electrical properties were:-
(i) insensitive to ion species, energy and dose,
(ii) the sheet carrier concentrate 
exceeded the implanted dose.
bn of ion implanted layers
(iii) no thermal annealing :of 'the implanted: layers was necessary
to produce type conversion^ However, annealing at 60-80°C
for 12 hours caused a slight increase in sheet carrier
concentration and mobility. The observed effects were stable
o
up to at least 140 C.
A list of the implant conditions, and the electrical characteristics of 
the implanted layers and junctions is given in table 1.1.1.
1.2 PHYSICAL STUDIES OF IRRADIATION DAMAGE
Bahir et al (1980,16; 1982,17) have repbrted extensively on the use of
Rutherford backscattering spectrometry (RBS) and particle induced x-ray 
emission (PIXE) techniques to investigate ion implantation induced damage
in CMT. P-type bulk grown crystals of composition x = 0^21 and 0.29 were
+ + + + + 
implanted with various species (Al ,P , Ar , In , Hg ) either at room
temperature or 77K. The nature of the scattering centres was deduced
from the energy dependence of the dechanneling cross section (18). From
a knowledge of the independence of the cross section on incident particle
energy, Bahir et al concluded that stacking faults were the predominant
damage at room temperature in ion implanted CMT. These authors
speculated that this results from annealing of damage at room
temperature, the re-ordered material being rich in stacking faults.
Analysis of PIXE spectra From P implanted samples suggest that light— 
ion irradiation produces no preferential blocking of channels by any 
of the matrix elements (Hg, Cd, Te). Conversely Hg+ implants showed 
preferential-blocking of channels by mercury atoms.
Bahir et al (16) observed RBS channeling spectra differ.only in the 
depth of a characteristic 'knee', dependent upon the implants atomic 
mass and incident energy. The minimum yield behind the 'knee' was always 
85% of its random counterpart suggesting the presence of a buried damage 
layer, Figure 1.2.1. Depth profiles of the defect concentration deduced 
from dechanneling spectra by Bahir (17) show light ion damage profiles 
were more shallow than the LSS atomic profile as predicted by theory
-f-
(19,20). Implantation of heavy ions (In , Hg ) produced damage profiles
extending significantly deeper than the theoretical depth distribution
of implant or damage centres, Figure 1.2.2, a phenomenon also observed
in ion implanted metals (21). Saturation in the concentration of
14 -2scattering centres occured at a dose of 5 x 10 cm for the light ions
+ + 1 4 - 2(P , Ar ) and at lower dose of 1-2 x 10 cm for heavy implants
“H “f*(Hg , In ). Bahir et al (16, 17) have shown that the threshold value 
of the energy deposition from implanted ions to the lattice for the
24
formation of a buried damage layer corresponds to a loss of 2-4 x 10 
-3
eVcm in nuclear collisions. Electrical measurements were in accord 
with Desefanis (22) and Baars (23), reported in Section 1.3.
1.3 CORRELATION BETWEEN RADIATION DAMAGE AND ELECTRICAL ACTIVITY
Destefanis et al (1982,22) have used the Rutherford backscattering
technique to quantify the lattice disruption produced by ion implantation.
They found no correlation between the number of scattering centres
(defects) and the carrier density measured in these samples. Since the
-2
areal density of electrons (cm ) was greater than the implanted dose 
-2
(ions cm ), electrically active defect centres offered the only
plausible explanation for the enhanced activity. Destefanis observed
the defect density and carrier concentration to increase with dose, with
saturation of the damage and carrier density occurring at different
18 “3
doses. The latter saturated at a value of 2 x 10 cm for doses 
13 + -2greater than 10 B cm at 200 KeV in both LPE and cathodically 
sputtered material (x = 0.2). The electron mobility decreased with 
increasing dose and then saturated at the same dose as the carrier
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concentration. Similar results were found for implantations of 0 ,Ar , In 
"f*and Hg . - Damage saturated at a “V  . of 15% for doses greater than
15 + -2 ^ min
10 B cm (16). The saturation level is dependent upon the substrate
temperature during implantation and the mass of the implanted species/
"V . increasing with the mass of the implanted ion and in substrates *-min
cooled during implantation. At the threshold dose for saturation
13 + -2
in electrical activity, 10 B cm , the level of damage was below the
detection limit of the RBS technique, although the sheet carrier
-2 — 2 
concentration (cm ) was ten times the number of implanted ions (cm ) .
The authors (22) confirmed their electrical data through a measurement
of the Burstein-Moss shift in the bandgap (24), which was pinned at the
threshold dose for saturation of electrical activity.
Destefanis et al (1972, 22) speculated that the saturation in carrier
\ —
density could result from acceptor levels existing above the conduction 
band edge. These states'have been predicted from the theoretical studies 
of Swarts et al (1982, 25) but no experimental evidence of such levels 
has been reported. A metallurgical, rather than electronic, mechanism 
may aid in understanding the saturation effect. The morphology of the 
implantation induced damage in CMT (1982, 17) is similar to that found 
in metals (21) „ There saturation effects are believed to be controlled 
by stress fields associated with defects, which induce interstitial- 
vacancy re-combination (21) . If this mechanism operates in CMT, then the 
electrical activity produced by irradiation damage may result from the 
generation of pbint defects-. In which case at doses greater than that 
required for saturation of the electrical activity, point defects may 
coagulate to form electrically neutral defect structures.
Baars et al (1982, 23) have used the absorbed electron beam current 
in a.scanning electron microscope (EBIC technique (26)) to provide a 
quantitative measure of damage in implanted layers. The signal 
exhibited a linear increase with increasing dose. Furthermore, the 
extent of lattice damage produced during implantation had a strong 
dependence on dose rate.
Dose rate* effects, i.e. a non-linear relationship between the damage
parameter and dose, were found by Baars (23) for ion beam current
-2
densities in excess of 0.1 jL&cm . For implantations below this level
the linear dependence of lattice damage on dose amounts to a ten-fold
increase in lattice disruption over the dose range 5 x 10^-5 xlO^^
+ —2
B cm , Figure 1.3.1.Measurements of the electrical activity were in 
accord with the results of Destefanis et al (1982, 22) irrespective 
of.implant energy and temperature (Room temp; 77k). A sample was then 
encapsulated with SiO^ and annealed at 150°C. The EBIC signal revealed 
that the lattice had been virtually restored to its pre-implant condition, 
however,, electrical measurements revealed no change in the n-type carrier 
density. Samples annealed at temperatures greater than 300°C were p-type 
with carrier concentrations close to their pre-implant values. Analysis 
by SIMS showed that no redistribution of the implanted boron had occurred 
The authors concluded that implanted boron forms a stable, immobile, 
electrically neutral complex in CMT. However, there is no direct 
indentification of a defect centre in these studies and, therefore, 
the direct correlation with the observed electrical activity must be 
treated with caution.
Destefanis (1983, 13) has noted that the level of the saturated 
electrical activity is lower in substrates implanted at 77K. A 
consistent value of the saturated carrier density was observed, which 
was independent of the crystal growth method (bulk or epitaxially).
In contrast in substrates with a lower hole mobility the level of the 
saturated electrical activity is reduced. These effects have been 
associated with the degree of lattice damage, suggesting existing or 
implant induced defects can act to limit the implant induced activity 
(Destefanis 1983, .13 .i; Wu 1982, 27; Bubulac 1985, 28).
1.4. THERMAL STABILITY OF ION IMPLANTED LAYERS
■1.4.1. DOPANT REDISTRIBUTION
Depth distributions of implanted impurities have been determined 
through secondary ion mass spectroscopy (SIMS) (29) and nuclear 
reaction techniques (30). Experimental data agree to better than 
20% of the concentration and distribution of dopant'predicted
-2 -1
* The dose rate is defined as no.ions cm s or alternatively in units 
of beam current per unit area.
by the LSS theory (11) for room temperature inplantations of protons, 
deuteons, He+ (31), B+, Be+ (8, 10, 22, 23, 27, 30, 32, 33) and In+ (34). 
In contrast Wu et al (1982, 27) observed boron implanted at 77K produced 
shallower atomic profiles with a peak concentration greater than 
expected from LSS theory.
Various authors report the concentration and distribution of ion
inplanted boron atoms to remain unaltered after a post implant anneal
(10, 23, 27, 32, 33). The most extreme schedule of 450°C for 4 hrs
reported by Riley et al (1981, 10). In contrast, Destefanis (1985, 34)
has shown the distribution of inplanted indium may be modified by a
post implant anneal. The indium profile is stable to 250°C. Partial
electrical activation and controlled diffusion of the profile to within
o
3 jjM of the surface is possible with moderate thermal anneal (250-400 C, 
1-2 hrs). The diffusion of indium was dependent upon the conditions 
under which annealing took place. Diffusion was suppressed in 
unencapsulated samples annealed in a mercury ambient relative to vacuum 
annealed encapsulated samples. Destefanis postulated that indium 
diffuses substitutionally, the diffusion coefficient dependent upon the 
concentration of mercury vacancies. In samples annealed under a 
mercury ambient Destefanis believes that mercury diffuses ahead of 
the implanted indium. The indiffusing mercury interstitials recombine 
with mercury vacancies ahead of the indium diffusion front, thereby 
reducing the chemical potential for diffusion.
1.4.2 IMPURITY GETTERING
SIMS analysis by Bubulac et al (1983, 35) has shown that lithium, a
background impurity in CMT, is gettered to the radiation damaged
region in boron implanted CMT. After a post implant anneal
o
(unencapsulated samples, N^ ambient, typically 200 c for 40 mins.) 
lithium had redistributed to decorate the implant induced damage and 
junction region. No redistribution of any other background impurity 
(Na, K, In, Al) occurred. These authors suggest lithium decoration 
may prove a powerful tool to study the process of junction formation.
1.4.3 DEFECT ANNEALING
(i) ANNEALING OF ELECTRICALLY ACTIVE ‘ DEFECT CENTRES
This sub-section reports on depth profiles of electrically active centres 
determined through differential Hall effect measurements. Where there 
has been no intentional thermal annealing, depth profiles of the free 
electron density in implanted CMT are characterized by a near surface 
peak contained within the envelope of the implanted dopant distribution 
predicted from the LSS theory. Behind the peak the profile exhibits a 
tail extending several microns into the substrate. Profiles of this 
form have been observed for various implant species and implant conditions 
Be+ (8, 1980), B+ (22, 36, 1982), In+ (1985, 34). The junction
position, determined by the EBIC technique (26), is typically a micron 
deeper than the position expected from differential Hall effect 
measurements (8, 22, 34, 37). Capacitance-voltage measurements typically 
show these junctions are graded with a p tail extending 1-2 jim behind 
the junction (8, 22). This region must therefore be formed by defects
i
which have compensated mercury vacancies in the substrate. The junction 
depth determined from differential Hall effect measurements is taken to 
be at the depth where the donor concentration equals the magnitude of 
the substrate acceptor density. The presence of a p tail behind the 
junction therefore leads to error in the position of the junction 
determined by the Hall technique.
From further EBIC determination of the junction depth in B+ implanted
samples, Bubulac et al (37, 1982) have found that specimens experiencing
no thermal processing, other than storage at room temperature and thermal
cycling between 77K during measurements, have shallow abrupt junctions
located within the LSS profile. C-V measurements revealed the ionized
acceptor density to rise rapidly to the original substrate level behind
the junction. This data is in accord with the calculations of Baars
et al (23) and experimental data from Bahir et al (17) which show that
the defect distribution is shallower than the LSS profile. Deep junctions,
located at depths of several microns, as reported earlier (8) were found
to occur in samples exposed to photolithography. This process generally
o
involves bakes at 80 C for 1 hr. A highly mobile donor-like defect is 
therefore produced during ion implantation and lithography.
The free electron distribution in the as-implanted layer, substrate carrier 
(hole) concentration profile in the region of the junction and junction
depth are strongly influenced by the nature and distribution of defects 
in the substrate (1985, 28). Bubulac's observations corroborate with 
those of Destefanis (13) on the electrical characteristics of ion 
implanted layers reported in Section 1.3.
The removal of electrical activity associated with radiation damage has
been achieved with both laser and thermal annealing. Bahir and Kalish
(1981 : 38, 39) removed damaged induced activity in B and P implanted
samples using CO^ laser irradiation. ZnS encapsulated samples were
successfully annealed using a 0.3 second pulse of energy density 250Wcm
Pitcher et al (1982, 36) found shallow depth profiles with a reduced
n-type electrical activity commensurate with the implanted boron LSS
profile after a short thermal anneal (ZnS encapsulation, 230°C/10 mins).
A distinction between partial activation of the boron and thermally
stable radiation damage could not be drawn. Baars et al (1982, 23)
found boron implanted samples reverted to p-type after thermal anneals
at temperatures in excess of 300°c for times of 30 minutes. Destefanis
(1985, 34) has removed n-type activity induced by implantation
o
using furance anneals of 250-400 C for 1-2 hrs. In contrast to Baars,
+ + +
Destefanis observed annealing B , Ar and Hg implanted samples produced 
a level of n-type activity similar to that expected from residual 
impurities.
Bubulac et al (1982, 37) have used the EBIC technique to measure the 
junction depth after various thermal anneals, Figure 1.4.1. The 
junction depth observed after annealing at 100°C again indicated deep 
junctions are formed by the diffusion of implantation induced defects. 
The junction position was stable to prolonged annealing. The initially 
rapid migration of the junction suggests the n-type electrical activity 
results from point defects which are known to have high diffusion 
coefficients (4). Anneals at 200°C produced a rapid diffusion of point 
defects causing the position of the junction to move deep into crystal. 
Eventually these electrically active centres either disperse or recombine 
The degree of recombination is insufficient to produce type conversion 
in the bulk resulting in the junction moving towards the surface as the 
\anneal proceeds.
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Junction depth vs snncal conditions. TEM horizontal section image of damage induced by implantation of 10wcm- , £-ions at 250 keV. B-implant 
100 keV, 1EW cm-1. Solid line is surface prep 1, dashed line is surface prep 2.
j FIGURE 1.4.1 EBIC DETERMINATION OF JUNCTION DEPTH.
j:
I REPRODUCED FROM BUBULAC ET AL(37).
IMPLANT
SPECIES
DOSE
(IONS cm-1)
SHEET CARRIER CONCENTRATION 
_-2_
(electrons cm )
4- +B , Ar ,
ln+ , P+,
Au+
(150 KeV)
17.
1x10 lxlO13
IF1x10 5xlOl3
TABLE 1.1.2
(ii) PHYSICAL STUDIES OF DEFECT ANNEALING
Cross sectional transmission electron microscopy (TEM) of implanted 
CMT has led Bubulac et al (37) to suggest there is a corollary between 
the depth profile of implant-induced electrical activity associated with 
dislocation loops (8). EBIC studies revealed that deep junctions 
induced by implantation were formed in regions beyond the region of 
extended defects (37). Point defects must then be the electrical 
centres responsible for the formation of deep junctions (see part (i)) .
Dislocation loops shrink during thermal annealing (13, 37) . This
+ +
effect has been observed after annealing B and Hg implanted samples 
as low as 100°C (13, 37). At 200°C the number of loops observed within 
the damage profile is considerably reduced (13) . Annealing at 300°C 
results in an almost complete dissociation of the loops. A corollary 
is suggested between these general results and those of the annealing 
behaviour of electrical centres reported in part (i).
Bubulac (37) has proposed that the emission of point defects accompanying 
the shrinkage of dislocation loops during thermal annealing may explain 
the positional stability of deep junctions to thermal anneals (Figure
1.4.1). According to Bubulac, a steady state is achieved with a 
flux of mercury vacancies in the vicinity of the junction.
Wu et al (1982, 27) determined the defect distribution after thermal 
annealing through changes in the dechanneling rate of backscattered 
ions in RBS. Identical implants of boron at room temperature or 77K 
produced different defect annealing characteristics. Samples implanted 
at 77K and annealed at room temperature had a greater degree of surface 
disorder than their room temperature counterparts, though neither were 
amorphous. Annealing at successively higher temperatures produced a
progressive reordering and deeper migration of damage, extending to
o . o
8000 A after annealing at 150 C (specimens were Si02 encapsulated).
At 240°C only surface damage remained, located within the LSS profile.
In contrast, the defect distribution in unannealed specimens implanted
a room temperature extended to lpM. Annealing at 150°C was sufficient
to cause a dispersal of damage beyond the near surface region (4000 £).
Further annealing at 200 "C produced no change in the defect distribution, 
o
At 240 c damage beyond the original (unannealed) defect distribution was
dispersed, although there were still damage centres located within the 
LSS profile of the implanted dopant.
A parallel may be drawn with the thermal stability of the defect
distribution observed by.Wu.(27)after anneals.at 200°c and the
junction pinning observed by Bubulac (37) in boron implanted
o
substrates annealed at 100 C (P16). Wu implanted p-type bulk
15 + -2
material of composition x = 0.23 with 1 x 10 B cm at 100 IfeV,
14 + -2whereas Bubulac implanted 1 x 10 B cm at the same energy into 
x = 0.3 LPE substrates. Both were room temperature implants.
The differences between these authors1 data may be explained by 
dose related effects. This factor has been investigated by the 
author whose work is reported in Section 6.3 and 7.3. Of 
related interest, Bubulac (1985, 28) has stated undefined materials 
variables to be responsible for determining the as-implanted junction 
depth (See section 1.3).
Defect annealing at temperatures in excess of 250°C has been reported 
by Bahir et al (1980,16) and Conway et al (32, 33, 1982).
Conway reports annealing to produce a diffusion of mercury to the
! i ■
interface between the sample and its encapsulant and frjom the implanted 
region into the substrate. ' j j
Rapid thermal annealing techniques have been applied to CMT. These
techniques have the potential of achieving improved control over
furnace anneals, principally through minimizing mercury loss through
evaporation and reducing the extend of defect migration. Conway et al
(1985, 41; 32, 33) report annealing of samples implanted with boron at
77K using a tungsten flash lamp furnace. Samples protected by a silicon
o
cap were heated in air at 260 C for 8 seconds. RBS showed that these 
specimens contained a lower density of scattering centres than the pre- 
implantedsubstrates, however some loss of mercury was evident. After 
annealing, the implanted layers were n-type with a higher mobility and 
carrier concentration than their precursorsv SIMS showed that no re­
distribution of the implanted species had occurred. No change in the 
dechannelling rate with decreasing particle energy (increasing depth) 
was shown in the RBS spectra, suggesting a uniform distribution of 
defect centres. A deep junction at 5.5. jim was measured using the 
EBIC technique.
The use of'a Q-Switched. ruby laser has been reported to produce
surface meltingxleading to a change in the surface stoichiometry
through the loss of mercury (1981, 38). At the ruby emission
wavelength at 0.69pm, absorption occurs through band-to-band
4 -1excitation and the absorption coefficient is high (*:£slO cm ) (38). 
Therefore a large proportion of the incident laser energy is deposited 
within a shallow region from the surface, producing strong localized 
heating of the sample surface.
Optical absorption by band-to-band processes is negligible at
room temperature in material of composition0.2 < x < 0.3 at the
wavelength of the C0^-aser.(10.6fmf oC = 1-lOcm "S (10). A weak
coupling of the laser radiation occurs by absorption by free carriers
or defect centres (33). Bahir and Kalish (38) using .a 0.3 second
pulse from a continuous wave CO^ laser, have restored the crystal
structure of ion implanted samples. Specimens were encapsulated with
-2ZnS and irradiated with an energy density of 300Wcm . These authors 
suggest that annealing occurs through solid state recrystallization, the 
process resembling a short thermal anneal. No applications of this 
annealing procedure^to a device tehnology^were reported.
1.4.4 CHEMICAL ACTIVATION
Partial activation of the implanted species may be achieved by moderate 
thermal anneals. Pitcher et al (1982, 36) have reported electrical 
profiles which closely follow the LSS profile of implanted boron and 
also the formation of p-n junctions (Zns encapsulation, 200 or 230°c/
10 mins). Bubulac (1985, 28) has measured a similar profile after a 
200°C, 15 minute anneal. Destefanis (1985, 34) activated implanted 
indium through thermally annealing samples at 250-400° for 1-2 hrs 
using ZnS as an encapsulant. The n-type activity was shown to result 
from activated indium by identically implanting and annealing an 
electrically inert species of similar mass, xenon. P-type activity 
was measured after .annealing this implant confirming the removal of the 
pre-anneal donor-like radiation damage.
Bahir and Kalish (1981, 38, 39) have activated donor (B+) and 
acceptor (p+) implants by CO^ laser irradiation. ZnS encapsulated 
samples were annealed by a 0.3 second pulse of energy density 250Wcm 
Dopant activation was deduced from a linear correlation of carrier 
density with dose, in contrast to the saturation behaviour observed 
from radiation damage. It was not commented on whether p-n junctions 
could be fabricated by this technique.
1.5. CHARACTERISTICS OF ION IMPLANTED JUNCTIONS *
Fiorito et al (2-5, 43 (1973-7)) have reported on long wavelength
( = 11.5 fiM, x 0.2) photodiodes formed by Hg+ implantation
into bulk grown substrates. For p-type substrates, with a carrier
16 -3
concentration below 10 cm , the product of the zero bias
¥resistance and junction area (RqA) was limited by the diffusion
current (42) from the p-side of the diode at 77K. Diodes formed
in substrates with greater carrier concentrations had R^A'g. limited
by the generation-recombination (g-r) current in the space-charge
region (42). All diodes exhibited soft reverse characteristics.
No anneals were necessary to form these junctions. In contrast,
diodes formed in short wavelength material ( \c = 3-4jj.m, x ih:0.3)
had R A's which were limited by the g-r current rather than the 
o
expected domination of R^A through the diffusion current.
Marine and Motte (1973, 7) formed high quality long wavelength mesa 
devices using Al+ implantation. A post implant thermal anneal was 
used to form abrupt junctions (see table 1.1.1).
Igras et al (1977,9) reported that the quality of implanted junctions 
is dependent on the preparation of the epitaxial substrates but gave 
no further elaboration. These workers also reported that the quality 
was only weakly dependent upon the implant conditions for both planar 
and mesa devices.
Bratt (1981, 10) has fabricated n+p diodes by ion implantation. 
Devices were formed after post-implant thermal annealing at 200°c, 
table 1.1.1. It was speculated that the p region resulted from 
compensation by implanted donors close to the space-charge region.
* For a discussion on the theory and definitions of the terminology 
used in this sub-section,the reader is referred to Appendix Al.
Dennis et al (1978,44) reported fabrication of mesa diodes with abrupt
junctions in wide gap material ( \  (77K)3.8 - IOjiM) with a carrier
16 —3
concentration of 2x10 cm . Diodes were formed by implantation of 
Al+ at 77K. Subsequent thermal annealing at 300°c for 1% hours 
restored the crystal structure but did not significantly alter the 
diode properties. Junctions could not be formed in p-type substrates with 
X>10.6jjhi carrier concentrations greater than 2xl0^cm It wasCO s
suggested by these workers, that this was a consequence of the high 
tunnelling current, which was predicted by the authors calculations.
Sood and Tredwell (1977, 10,45) have formed long wavelength n+p diodes
in annealed boron implanted n-on-p structures in low carrier concentration 
16 “3
substrates (2 x 10 cm ). Leakage currents limited the device
performance at 77K. No distinction between surface or bulk leakage
mechanisms was given. These workers reported the use of a dual implant
process which significantly reduced the surface leakage of their devices.
This current was believed to be caused by the tunnelling across a pinched-
off depletion region at the junction intersection with the surface in
planar diodes. No details of the process were given. The authors
have subsequently reported (46) the use of gated diodes^ using insulated
field plates to reduce surface leakage. Similar diode characteristics
have been reported by Riley et al (1981, 10). Boron was implanted into
short wavelength material with substrate carrier concentrations ranging 
14 17 -3
from 10 -10 cm . Diodes were formed after a thermal anneal (Table
1.1.1). The R A product was insensitive to the substrate bulko
acceptor concentration. The authors suggested however that a reduced 
level of doping in the space charge region, N^was desirable, as this 
should reduce the leakage currents due to tunnelling and avalanche
multiplication in this region. Some excellent small area devices
2 8 2 
(25jim ) with R A products of 1x10 A  cm at 77K have been reported for
\ ° 15 -3
A  = 4Jim for N < 5x10 cm by these authors. Schmit and Tobin CO B
(1981,10) have reported .n-on-p (probably planar)diodes formed by 
annealing a dual B+ implant into material with x = 0.39. The current- 
voltage characteristics as a function of temperature, were in good accord 
with theory (10).
Wang et al (1980, 47) have investigated n-on-p mesa devices formed 
.13 -2 +
by low dose t <10 cm )B .implantation in.long wavelength epitaxial
material (table l.l.'l) . No post implant anneals were performed.
16 -3‘
The substrate carrier density was 5x10 cm . These a u t h o r s —
determined that the surface leakage current dominates the R^A product 
at temperatures less than 77K. At higher temperatures RqA was limited 
by bulk processes. Irradiation of unpassivated mesa structures with 
ultra-violet light further increased the surface leakage. A deposited 
ZnS film was used to passivate the surface and reduce this leakage 
current.
Chu et al (1979, 48) have implanted Be under similar-experimental
conditions to Wang et al (47). Planar devices of comparable quality
to the mesa structures reported by the previous authors were obtained.
The authors found their devices were g-r limited at 77K and suggested
16 —3that a substrate carrier density close to 1x10 cm was an essential
requirement to reduce bulk tunnelling effects. Bubulac et al (1980,8)
have produced short wavelength mesa devices with hard reverse
characteristics in epitaxial material. Junctions were formed in low 
*carrier concentration substrates by low dose B implantation. No post
implant anneals were performed. The junctions were linearly graded 
+  —
n p structures. The junction depth was estimated as 2.5jJm, the junction 
was therefore formed by donor-like radiation damage centres.
Kolodny and Kidron (1980,15) have investigated the mechanisms limiting
the RqA product of p-n junctions fabricated as mesa structures in short
wavelength material. Diodes were formed by implantation of B+ within the 
13 15 —2
dose range 10 -.3 x 10 cm into low carrier concentration substrates
16 —3(1-5x10 holes cm ). Linearly graded junctions were formed after 
o
annealing at 65 c for 12 hours in vacuo. At temperatures greater than 
150k^RQA was governed by carrier diffusion from the p-type bulk. For 
150 "> T yr 115K the R^A product was limited through the g-r in the 
depletion region. At operating temperatures of less than USK^R^A 
was dominated by surface leakage currents. The soft reverse characteristics 
observed were ascribed to tunnelling in field induced junctions near the 
surface. These authors stressed the importance of a low substrate doping 
level and control of the surface potential in order to produce junctions 
with a high R^A product.
Ryssel et al (1980,30) reported the fabrication of long wavelength 
planar n-on-p and p-on-n devices. In contrast to other workers/
these authors implanted high carrier concentration p-type substrates
17 *“3 16 -3
(1x10 cm ) and n-type substrates (1x10 cm ). Several species of
ions were investigated at various doses (see table 1.1.1). Diodes
were fabricated from material post-implant annealed at several
hundred degrees celcius.
Reine et al (1981,10) report the n-on-p device as the most practical
structure for photodiodes formed by ion implantation into CMT. These
authors cite both practical and theoretical reasons, namely,
a) The annealing regimes involved (generally a few hundred 
degrees Celsius for a few hours) have little effect on the 
stoichiometry of p^type substrates. This is not so for n-type 
substrates. Activation of p-type implants requires long high temperature 
anneals. Further, for low dose implants annealing is often not a pre­
requisite for junction formation.
b) P-type material has a larger minority carrier diffusion length 
with the possibility of longer minority carrier lifetimes than n-type 
material of comparable concentration. The'relevance of these factors 
to device performance is discussed in reference (10).
Research on ion implanted CMT photodiode technology is largely
concerned with the development of 3-5}im focal plane arrays. The
importance of substrate quality' has been emphasized, reflected in the
13 + -2
literature by a general trend to adopt a standard low dose (<10 B cm )
implantation technology (see Bubulac (37)) applied to epitaxial layers 
fabricated by a variety of growth/substrate combinations (1985, 49;
1985,50; 1984, 51). Such combinations include epitaxial CMT layers 
sputtered on CdTe substrates (1984, 51), LPE layers on CdTe/Al^O^ 
substrates (1985, 49) and vapour phase epitaxial CMT on CdTe/GaAs (1985, 50). 
All authors report the fabrication of high quality photodiodes using 
boron implantation. The properties of these photodiodes are listed in 
table 1.1.1.
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CHAPTER 2 CADMIUM MERCURY TELLURIDE AS AN ELECTRONIC MATERIAL
2.1 PSEUDOBINARY ALLOY MODEL, CRYSTAL STRUCTURE AND BONDING
Cadmium mercury telluride (CMT) is a ternary alloy system (53, 54) 
whose composition may be varied to produce a solid with properties 
ranging from a semi-metal (55) to a semiconductor (56) . The properties 
of semiconducting CMT can be described, to a first order approximation',, 
by considering the system as a pseudobinary alloy formed between the 
end-point compounds CdTe (semiconductor) and HgTe (semi-metal). The 
pseudobinary composition is presented in the form Hg^ ^Cd^Te, where 
x is the mole fraction of CdTe. Many physical properties of CMT can be 
estimated for a given composition by an interpolation of data from the 
end-point compounds or intermediate composition (53).
Figure 2.1.1 is the pseudobinary equilibrium phase diagram (53),
representing a vertical section with respect to temperature joining
CdTe and'HgTe in the Gibbs triangle for the (Hg„ Cd ) Te„ system.
1-x x y 1-y
The ratio of metal to non-metal atoms is unity throughout the 
pseudobinary compositions (0<x <  1) which corresponds to y = 0.5 
in the ternary representation. The wide solid solution loop shows 
mutual solubility of the end-point compounds over the entire 
compositional range. All alloys are of the single phase, disordered, 
substitutional type. The material has a zincblende crystal structure, 
the lattice parameter, aQ, showing a slight deviation* from a linear 
variation with composition (Vegard's law) (53) as shown in Figure 2.1.2.
The zincblende structure is a composite of two FCC sublattices
displaced from one another by (1/4, T/4, 1/4) a^ along the body diagonal.** One 
sublattice is formed from Te atoms, the other by randomly co-ordinated 
Cd and Hg atoms. Their possible arrangements around a Te site are shown 
in figure 2.1.3. The .cation (Hg, cd) distribution is such that alloys 
preserve a mean density in accord with the mole fraction of CdTe. No 
evidence of clustering of the component species has been found (54) .
* ' This deviation is correspondingly reflected in .the compositional 
dependance of the band gap and is unexplained by the semiconductor 
alloy model (53), (see Section 2.2).
** An alternative representation of the zincblende structure is that of 
two tetrahedra connected through a common apex. Their bases,
I equilateral^ triangles, are rotated by 60° from mirror coincidence 
in the basal, plane.
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The AB stoichiometry of the end-point II-VI, zincblende compounds is 
preserved in the crystallographic structure of CMT alloys as shown in 
Figure 2.1.3. There is one cation and anion per primitive unit cell with
each cation having two valence electrons outside the filled inner shells
10 2 10 2 (Hg 5d 6s -, cd 4d 5s ) and each anion six valence electrons
2 4
(Te 5s 5P ). The eight valence electrons of the primitive unit cell 
are shared between the four atoms which complete a centrally co­
ordinated, homopolar bonded, tetrahedron, the basis of the zincblende 
structure (53)/ Figure 2.1.3. The bonding does exhibit some ionic 
character due to the different atomic charges on the three species.
This author estimates an ionicity of 0.45 from data for the end-point 
compounds (55) at composition x = 0.2.
2.2 SEMICONDUCTOR ALLOY MODEL
The semiconductor alloy model of CMT considers the bandstructure of any 
pseudobinary composition as a linear interpolation derived from the 
band structures of the end-point compounds (53, 54). An appreciation 
of the transmutability of the CdTe and HgTe bandstruetures can be seen 
by comparison of their respective forms (figure 2.2.1). The 
transmogrification is shown graphically in figure 2.2.2. Cadmium 
telluride has a band structure typical of semiconductors with the 
zincblende structure (53) (figure 2.2.1), with a direct bandgap^ E^fof 
1.608 eV at OK (55, 57). Mercury Telluride has the zincblende structure 
but is a semimetal (55, 58), with the conduction band minimum lying at 
a lower energy than the valence band maximum. The overlap of the 
conduction and valence bands may be regarded as a direct but negative 
energy gap (53) which has a magnitude of -0.3eV at OK (figure 2.2.1).
The generically related handgaps of CdTe and HgTe both decrease with 
increase in temperature (53) in contrast to that observed in the CMT 
system (See Section 2.4).
Both theoretical (55, 59,60) and experimental (53, 54, 61) studies offer 
support for the semiconductor alloy model. The bandgap varies 
continuously with composition between the end-point values (62), with 
slight deviation from a linear variation as predicted from theory (53) 
(figure 2.4.1). Specific effects due to lattice disorder, referring to the 
cation FCC sublattice, are generally negligible (53). However, disorder
m&•
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effects may influence charge carrier mobility at temperatures <  50K 
(53) . Evidence for states tailing into the forbidden gap produced 
as a result of cation sublattice disorder, cannot be differentiated from 
states introduced by impurities, or lattice defects such as vacancies 
and interstitials (53). These centres give rise to states close to 
intrinsic band edges, often as impurity bands rather than discrete 
states. At sufficient defect or impurity concentrations these bands 
merge to form a continuum with the valence ,or conduction bands (see 
Section 2.7.4).
Figure 2.2.2 is a schematic showing the general features of the band 
structure of CMT (10, 63). The difference in energy between the valence 
band, heavy and light hole, maxima and conduction band minima is small 
compared to all other intervals between bands. Under these circumstances 
only the bands in the immediate vicinity of the forbidden gap influence 
carrier transport properties (57, 63) . Theoretical modelling of the 
band structure of CMT by Zadaustu et al (54) confirms that this model 
provides a good first orde.r approximation over the entire range of 
compositions. It follows from the semiconductor alloy model that there 
exists a semiconductor - semimetal transition which occurs when E = 0
g
(Figure 2.2.2). The transition occurs at 77K in material of 
composition x = 0.15 (53). Details of band structure calculations 
can be found in the reviews by Dornhaus and Nimtz (54), and Weiler 
(57) . ■ j
2.3 CHARACTERISTICS OF THE CONDUCTION AND VALENCE BANDS
The transport properties of charge carriers in semiconductors are 
intimately related to the energy band structure (64). In harrow band 
gap semiconductors, such as CMT, the conduction band is characterized 
by a low density of states and a small, energy dependant effective mass 
(55). In contrast, the valence band has a relatively heavy, energy 
independent effective mass, together with a large density of states 
relative to the conduction band (53). This section gives a ...
phenomenological account of the possible effects these features of 
the band structure will have on carrier transport parameters.
2.3.1 : CONDUCTION BAND
Ci) EFFECTIVE M S S
•k --........ -  -  - — -  - - —
The electron effective mass, M , is related to the curvature of thee
band (d2 E/dk2) by a relation of the form (58),
M* 
e
For CMT the value of d2E/dk2 is high (54) leading to a very low
-3 -2
effective mass, typically M* = 10 -10 M , where M is the
e e e
mass of a free electron in a vacuum (58). The effective mass in turn 
related to two important transport parameters, the mobility (p.^ ) and 
the carrier relaxation bime ) through the generalized relation (64),
=
M*   (2.2)e
where q is the electronic charge. As a consequence of its low effective 
mass, high electron mobilities are expected in CMT. This is apparent 
from the inverse relationship between the mobility and electron effective 
mass shown in equation 2.2. These theoretical predictions have been 
proven by experiment (See Section 2.6).
The gradient of the conduction band in CMT is dependent upon the width 
of the forbidden gap (62). When the band gap is in excess of 0.25eV the 
conduction band edge is parabolic (57). As a consequence, the effective 
mass is independent of the kinetic energy of an electron (58) and the 
solid state theory developed principally for wide gap, silicon-like, 
semiconductors (56) can be applied to CMT. For the detection of 
infrared radiation, CMT compositions (x = 0.2 - 0.3) are employed whose 
band gaps are less than 0.24 eV, at the required operating temperature*. 
Consequently,the electron effective mass in these alloys is dependent 
upon the kinetic energy of the carriers (see equation 2.1). This 
characteristic was predicted in the band structure calculations by Kane 
(63, 65). Wiley and Dexter (66) have substantiated Kane's predictions, 
through measurements of the electron effective mass as a function of alloy 
composition.
* Eg - 1.24 eV where \ c o  is the cut-off wavelength. (See Appendix Al) 
Xco(jJM)
=  &
d2 E 
dk2 (2.1)
Sosnowski (54) has derived an approximate expression for the energy 
dependence of the electron effective mass using the curvature of 
the band,
M* E + 2E
 e g .....
M 19 ..___  (2.3)
e
where E is the kinetic energy of an electron. Several important 
features of the conduction band effective mass are apparent from this 
relation,
(i) The conduction band edge effective mass ratio, 
proportional to the width of the forbidden gap,
* —3 —2
(ii) M is small, being 10 - 10 Me ' e,
(iii) The effective mass dependence on energy leads to an associated 
depedence on the electron concentration and temperature.
*
Calculations by Sosnowski (63) indicate that the average M^ (in a narrow
gap material) may double when the solid is heated from liquid helium
(4.2k) to room temperature. Furthermore, moderate donor concentrations 
16 -3
of 10 cm can result m  an electron distribution with an effective 
mass varying by a factor of three between the bottom and top of the 
energy band.
The physical interpretation of commonly measured transport parameters
such as the mobility, and the Hall coefficient are therefore expected
to be complicated by the energy dependence of the effective mass.
Transport calculations for wide band gap semiconductors with relatively 
*
low M generally assume conduction band electrons to be described by 
e
a unique effective mass and mobility. For CMT this proves to be 
inadequate. From equation 2.2. it is apparent that the effective 
electron mobility in CMT will be a weighted average dependent on the 
level of occupancy of the conduction band. Similarly, the energy 
dependence of the effective mass results in a weighted average 
relaxation time, (64). This parameter represents the mean free time
M / M , is 
ce J e
between the collisions of charge carriers with lattice atoms and is/ 
therefore^ intimately related to the transport properties of the 
material. The relaxation time is related to the Hall coefficient 
through the scattering factor (see Section 5.3.3),
- (-Q  
< ? • > ' (2.4)
where O  represent weighted averages (67). Fortunately, a 
simplification may be made for a degenerate semiconductor when the 
scattering factor (r) is unity (67, Section 5.3.3).
(ii) DENSITY OF STATES
Anderson (68) has derived an expression for the effective density 
of states in the conduction band,
N (E)c
2
3
SEgKT *. 1+4KT .....
Eg/KBT > 4  V I \ \  I (cm-)
—8
where P is the Kane matrix element/which has the value 8.49 x 10 eVcm
(57). In a narrow gap alloy the effective density of states is low.
For example, CMT of band gap 0*leV at 77k has a conduction band effective
X6 ™3density of states of 2 x 10 cm . As a consequence,the conduction
band is populated up to relatively high energies. Zawadski (63)
14 15 -3has estimated that donor concentrations of only 10 - 10 cm in alloys
with band gaps of less than O.leV result in occupation of conduction band 
levels up to approximately 2Eg above the band edge. The effect upon the 
carrier transport properties through population of the conduction band to 
these relatively high energies has been previously discussed in Section
2.3.1 (i). Considering the electro-optical properties of CMT, if states 
near the conduction band edge are occupied, optically induced electronic 
transitions between the valence and conduction band can only occur through 
the absorption of photons with energies in excess of the forbidden gap f 
hV ^  Eg + E ', where E ' is the energy of the lowest unoccupied state above 
the band edge. The shift of the optical absorption edge to shorter 
wavelength with increasing carrier concentration is known as the Burstein- 
Moss effect (24).
2.0 3.2 ■ VALENCE . BAND
In the simplified band.model of CMT (2.2), the valence band is comprised
of light and heavy hole bands. The light hole band (lhb) has a mirror
\
symmetry with the conduction band and characteristics which are 
analogous to the conduction band. The heavy hole band (hhb) is parabolic 
with a curvature which is uniform and essentially independent of the ' 
width of the forbidden gap (53) . Thus, the heavy hole effective mass, 
t is independent of the hole concentration. Theoretical studies 
(57, 63, -65, 69) suggest that a slight warping of the band may 
occur due to interaction with higher order bands. Evidence of 
intervalley carrier transfer has been seen in studies of carrier 
transport in the presence of high electric fields (54).
The effective density of states in the hhb is given by (56),
2 I 2 * " * A T \ * -     (2-6)
recent data from Weiler (57) gives the heavy hole band effective mass
as = 0.44 M^. Experimental determinations show a spread of
+10% to - 40% from this value for alloys with compositions within the
range 0.17 < x <  0.4 (57, 70, 71). From equation 2.3 Mj^ ^  102M*,
applying equations 2.5 and 2.6 the ratio of the effective density
of states of the heavy hole band to the conduction band (N(E), .,/N(E) )
hhb c
is approximately 5 x 102 in material of band gap 0.1 eV at 77K. 
Consequently, for most transport processes the valence band may be 
approximated to the heavy hole band.
2.4 BAND GAP AS A FUNCTION OF TEMPERATURE AND COMPOSITION
An accurate determination of the dependence of the band gap (Eg) upon 
temperature and composition is made difficult by the errors associated 
with the measurement of the composition (57, 62, 72, 73). Hansen et al 
(74) have established a data base and have recently published an 
empirical relationship using data from the Honeywell group
N(E)
hhb
Eg(x,T) = - 0.302 + 1.93x + 5.35 x 10~4.T. (l-2x) 
- 0.810x2+0.832x3 (eV)
(2.7)
,-15*10
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-25*10
128 10 1462 4
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FIGURE 2.4.1 BANDGAP AS A FUNCTION OF
TEMPERATURE AND COMPOSITION.
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FIGURE 2.4.2 AFTER L0NG(53).
Their relationship, Figure 2.4.1, is accurate.to:*h 0.013eV for 
compositions 0<x < 0.6 over the temperature range 4.2 < T < 300K.
Through using the Kane -.model (65) of a narrow band gap semiconductor, 
Long (53) has predicted a deviation from the linear variation of band 
gap with'pseudobinary composition expected from the semiconductor alloy 
model (Section 2.2). This deviation takes the form of a slight 
downward curvature of the profile, amounting to 1.2% from linearity 
for an x = 0.2 alloy at 77K.
The band gap exhibits a strong temperature dependence. Differentiating 
equation 2.7,
.3 .
dEg *= — 1.07 x 10" x + 5.35 x lo”   (2.81
dT
The band gap increases by 60% over the temperature range 80K to 293K 
for x = 0.2. Figure 2.4.2, after Long (53), shows the envelope of the 
variation in band gap over all compositions for 0 < T < 300K. The band 
gap increases with temperature for alloys with composition x < 0.5. 
Alloys with x>0.5 exhibit a decreasing band gap with increasing 
temperature. This phenomenon is unexplained by the currently accepted 
theory of band structure for CMT (53, 54).
2.5 INTRINSIC CARRIER CONCENTRATION
Hansen and Schmit (75) have calculated the intrinsic carrier 
concentration, n^,as a function of temperature and composition,
Figure 2.5.1. Their calculations were based upon the Kane model (65) 
of the band structure and incorporated full Fermi-Dirac statistics 
(76). These workers used the value of the heavy hole effective 
mass = 0»44 M^) due to Weiler (57) and Hansens empirical
relationship for the band gap (equation 2.7). Their functional 
relationship,
n^(x,T) = (5.585 - 3.82ok + 1.753 x lo“3T-1.364 x  1o”3xT)
1014 Eg3/4.T.3/2.exp (^Eg/2K^T)j (CM-3)   (2.9)
is within 15% of Hall data for compositions JC < 0.7 over the temperature 
range 50 < T <  300K.
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Schmit ■ (.70) has calculated the position of the Fenni level (E )
F
with respect to the conduction band (E -E ) as a function of
G F
temperature in undoped' (intrinsic) material. The essential
/
features of Schmits calculations are that at 77k intrinsic material
with composition x > 0.2 is non-degenerate (E-E > 3 K T (67)).
c F B
At room temperature, intrinsic material with composition X <  0.3
will be degenerate. Schmit (70) also calculated the Fermi energy
15 -3
for material containing 10 CM monovalently ionized donors.
E ven at this moderate donor density, CMT of compositions X  < 0.3 
will be degenerate at 77k. It is concluded from Schmits calculations/ 
that n-type Hall effect measurements are inevitably made on degenerate 
semiconductor since this donor concentration closely corresponds to 
the residual donor impurity concentration in this material (section 
2.7). The interpretation of the Hall coefficient (Section 5.3.2) is 
fortuitously simplified for the case of a degenerate electron 
distribution (See section 5.3.2) .
! i  ■i j'
2.6 CARRIER MOBILITY
Scott (77) has reported extensively on the electron mobility derived
from Hall effect measurements in CMT. In his experiments the n-type
14 1specimens had a carrier concentration ranging from 5 x 10 to 5 x 10
- 3
cm indicative of activity from residual impurities (See Section 2.7).
Referring to Figure 2.6.1, the electron mobility tends to decrease as
both the temperature and CdTe content (x - value) increase. Margalit
et al (12) have reported comparable data following measurements of
ion implanted n-type, x = 0.21, substrates. Mobilities in the range 
4 5 2 -1 -1
10 -10 cm V S at 77K were recorded for a variety of implant species
(See table 1.1.1). In contrast Kolodny et al (15) have measured low
3 2 - 1 - 1
mobilities (1-2 x 10 cm V S ) for similar implants into p-type 
substrates (table 1.1.1).
Scott et al (78) have determined the heavy hole mobility in p-type 
substrates using the Hall effect. The temperature dependence of the 
heavy hole mobility is shown in Figure 2.6.2 for a variety of 
compositions. The carrier concentration appears to have little 
influence on the Hall hole mobility at temperatures above 80K 
(Figure 2.6.2).
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TEMPERATURE (K)
Summary of the Hgj^CdjTe crystals.
Sample x Na -Nb
(cm*^
Preparation Nn (cm*3) 
conditions
Ea
(meV)
1 0.38 4 .2x10“ Anneal, 375*C 5 .5 x l0 16 0.0124
2 0.38 6 .5x10“ Anneal, 375*C 2 .5x10“ 0.0114
3 0.38 1 .4x10“ Anneal, 500*C 2 .4x10“ 0.0107
4 0.38 3 .9x10“ Anneal, 500*C 9x10“ 0.0067
5 0.38 1x10“ Cu doped 0.003
6 0.25 8 .9x10“ As grown 0.0076
FIGURE 2,6*2 ^ AFTER SCOTT et al( 78 ).
The experimental data for residual donor impurity or vacancy doped
material confirm the high mobility ratio expected from a 
consideration of the band structure of CMT alloys (Section 2.3.1).
Calculations of the mobility by Kinch (79) and Mayer and Bartoli (80) 
show good agreement with experiment. These authors assumed polar optical 
scattering (81) with additional scattering above 80K due to electron- 
electron or hole-hole interactions. At temperatures below approximately 
SO^the mobility is dominated by ionized impurity scattering (56).
The low mobilities observed in implanted n-on-p structures may result 
from a high carrier concentration in ion implanted layers (Table 1.1.1).
This effect is commented on further in chapters 6 and 7.
2.7 DEFECTS AND IMPURITIES IN CMT
MATERIALS SCIENCE
The chemical doping characters of impurities in CMT are well established (10) .
However, with the exception of the mercury vacancy, little is known of the
nature and electrical characteristics of defects such as point defects 
and extended defects in CMT.
2.7.1 NATIVE DEFECTS
The role of native point defects in modifying the electrical activity 
of CMT was recognized even in the early studies of the crystal 
growth mechanism (53). Annealing in saturated mercury or tellurium 
vapour produced material whose electrical properties (n-or p-type) were 
consistent with n-type activity being ascribed to excess metal atoms and 
p-type behaviour to excess tellurium or a deficiency of mercury (82, 83) 
Figure 2.7.1 is the equilibrium pressure-temperature (P-T) diagram for 
CMT. The thick continuous line is the equilibrium partial pressure of 
mercury over CMT, as a function of temperature. The envelope contains 
the existance region for solid Hg i_xc^xTe* position of the mercury
deficient line is a function of composition and in the figure it is 
illustrated for HgTe. The mercury phase diagram is of prime importance 
because:
i) The enthalpy of formation of a mercury vacancy is 2.2 eV whilst for 
cadmium vacancy (x=0.2) (84) the value is 4.7eV.
(sajAjdsouiio) amssajd Xjnajtyj
(ii) Mercury is rapidly lost from CMT when heated (10), its high
oequilibrium partial pressure at temperatures greater than 200 c 
necessitates the presence of a mercury reservoir to avoid 
decomposition of the sample,
(iii) The rates of loss and the equilibrium partial pressures of 
the cadmium and tellurium components are low in comparison to those 
of mercury.
Jones et al (85) and other groups (82, 83, 86, 87, 88) have shown 
that the majority carrier type is dependent upon the anneal 
conditions. The demarcation line between n-and p-type material is 
plotted in Figure 2.7.1. Annealing under conditions of an excess 
of mercury gives n-type material. Whilst annealing under mercury 
deficient conditions produces p-type material.
Studies by various groups (85, 87, 88, 89, 90, 91) show that the 
transition from p-to n-type results from the net activity of.mercury 
vacancies (acceptors) which is balanced against a background density 
of donor impurities. These studies suggest that the mercury 
interstitial is electrically inactive. To date, no direct 
correlation of the defect structure and electronic properties of CMT 
has been established (92). Instead, the identity and electrical 
character of centres are inferred from the functional relationships 
observed from annealing studies. The principal evidence for the 
mercury vacancy being an acceptor is drawn from studies of the 
electrical properties of CMT as a function of the mercury overpressure 
in an anneal. Jones et al (85) annealed n-type samples at 
successively higher temperatures under mercury deficient conditions.
Above a critical temperature> the sample converted to pttype, after 
which the acceptor concentration increased with temperature. Their 
results were consistent with the creation of mercury vacancies 
(acceptors) following the loss of mercury from the sample.. Furthermore, 
p-.type samples annealed below the conversion temperature? in a mercury- 
free ambient, remained p-type, in contrast to samples annealed in a 
mercury ambient. Further evidence comes from the work of Capper et al 
(90) who determined that the concentration of chemical impurities present 
in these crystals was insufficient to produce the hole densities observed.
These authors also reported a direct correlation.between the donor 
impurity concentration and the n-type electrical activity, after 
annealing in a mercury ambient. These results confirmed the 
hypotheses of previous authors (82, 83) which were based upon the 
independence of the donor'activity on mercury overpressure.
Syllaios et al (91) have shown that the variation in the position 
of the reversible p-to n-type transition, Figure 2.7.1, is accounted 
for by the different impurity contents in the samples. Accordingly, 
donor doping acts to raise the transition temperature whilst 
acceptor doping depresses the temperature of conversion.
The role of the mercury interstitial in the defect chemistry of 
CMT is^jjnclear. Donor-like activity has been ascribed to this 
defect by various authors in studies of the electrical activity 
produced by ion implantation (chapter 1) . Jones (85) has suggested 
that the low electrical activity of this species produced after n-type 
conversion anneals is due to :
i) Mercury interstitials are present in low concentrations
15 -3
during a mercury rich anneal {<10 cm ), alternatively;
ii) Mercury interstitials are present in high concentrations 
but are electrically inactive,
iii) Mercury interstitials are very mobile, such that their
concentration at elevated temperature cannot be frozen in.
For equilibrating anneals in mercury ambients/ it would appear that 
mercury diffused into a substrate preferentially reacts with mercury 
vacancies rather than forming interstitials. This conclusion is 
drawn by Jones et al (85) who produced a n-type conversion in CMT 
under annealing condition where the extensive studies of Vydynanth et al
(87, 88)have shown that a significant vacancy concentration should result.
The type converted samples in Jones* study were uncompensated with a 
low carrier concentration, typical of material whose electrical activity 
is determined by the background impurity concentration. This discrepancy 
amongst these authors* data was explained by Jones through mercury 
supplied from the annealing ambient simply neutralizing the substrate 
. vacancy concentration. This model was used by Jones et al (85) to
successfully describe the time.dependence of.the.depth of p-to n-type 
conversion observed after isothermal annealing in mercury vapour.
In his model the time, t, required to convert the crystal to a\ . . .
given depth, x j r will be proportional to the concentration of-------
mercury vacancies, N , and inversely proportional to the concentration 
of interstitial mercury at the surface, C .  If the mercury vacancyO
distribution is assumed to be immobile and homogeneous, with the 
surface concentration of interstitials independent of the duration 
of the anneal, then Jones et al (85) find,
2 - x. = K D (T) t
J S
2
and x * N
— ----—  - K, exp (-E/K_T)
t A B
where D(T) is the diffusion coefficient at temperature, T. The
activation energy, E , was determined to be l.OleV. Their data is
A
reproduced in Figure 2.7.2.
2.7.2 EXTENDED DEFECTS
Little is known of the electrical character of dislocations, grain 
boundaries and precipitates in CMT. Bubulac (37) has reported a 
correlation of the depth distribution of dislocations, produced by 
implantation of boron, with the depth distribution of donor-like 
centres. No correlation between dislocation density and carrier 
concentration was given. Schaake (93) has suggested that a high 
dislocation density is responsible for an enhanced dark • current in 
the pixels of 2-D imaging arrays. Moore et al (94) have identified 
subgrain boundaries and isolated dislocations as recombination 
centres in p-type CMT using the EBIC technique.
2.7.3 IMPURITIES
A prediction of the electrical properties of impurities substituted 
onto cation or anion lattice sites is given in table 2.7.1. The 
assumption is made that CMT is a homopolar bonded, tetrahedrally co­
ordinated system (Section 2.1).
. (2.10) 
.(2.11)
Experimental studies by Johnson and Schmit (.6) and more recently by 
Capper (.90) have shown general agreement with the predictions shown 
in the table 2.7.1. Johnson and Schmit (6) introduced impurities 
by doping the melt or by using diffusion techniques. They controlled 
the ambient to avoid type conversion due to loss of mercury leading to 
changes in the native defect concentration. The resultant electrical 
activity was determined from Hall effect measurements. \
Carrier freezeout in CMT is only observed in lightly doped p-type 
material at very low temperatures (section 2.7.4) or in alloys of 
composition x > 0.5, Measurement of the electrical activity alone cannot 
be used to differentiate between substitutional doping and activity due 
to native defects. Capper (90) has correlated the measured electrical 
activity with the impurity species and concentration. Crystals were 
grown under carefully controlled conditions to ensure that they 
contained low concentrations of native defects and residual impurities. 
The chemical constitution of these crystals was determined by spark 
source mass spectroscopy (SSMS) and atomic absorption spectroscopy (AAS). 
Since the dopant concentration was in excess of the native defect and 
residual impurity concentrations, the electrical activity could be 
directly correlated with the dopant concentration.
Capper (90) found very low electrical activity in crystals doped with
Fe or AUo But only Au drastically reduced the minority carrier lifetime
o
relative to undoped crystal. Annealing Au doped n-type material at 225 C
for 2-4 hours produced type conversion. After further annealing
for y 100 hours, the Au became inactive, possibily as a result of
precipitation or the formation complexes. Capper (90) suggested that
Si may be amphoteric. Jones et al (84) find Si and Ge to be donors and
propose that the impurities occupy mercury sites in the CMT lattice.
These authors have determined that the group II isoelectronic impurity
2n is electrically inactive in CMT. Yoshikawa et al (95) have shown
that the residual donor concentration can be reduced by an order of
1 4 - 3magnitude from the mid 10 cm level by reducing the oxygen conteht 
of n-type LPE CMT. These authors suggest that an oxygen complex can be 
formed which acts as a donor. Vydynath (87, 88, 96, 97) has doped 
crystals with indium, iodine and phosphorus. The electrical activity
TABLE 2/7,1
ELECTRICAL
•CHARACTER DONOR ACCEPTOR
—  - --
AMPHOT
-ERIC
MISC.
GROUP 3a 7a la lb 5a 4a 8
SUBSTITUTIONAL
SITE CATION ANION CATION ANION
•B F H °Cu* N C °Fe
°A1* °C1 °Li* °Ag* °P* °Si* Ru
Ga*
*
Br Na °Au °As* Ge Os
oTIn I K °Sb
*
Sn
T1 At Rb Bi Pb
Cs
Fr
* = ELEMENTS INVESTIGATED BY JOHNSON AND SCHMIT (6) . 
o = " " CAPPER (90)
Deep-level centers seen in Hg, _,Cd,Te.
Material Levels Data Suggested models
Undoped HgCdTe 2 levels at Donorlike (<r„ > a f). Hg interstitial.
Ey +  0.4 Eg Levels probably different Si, C, or Cl on
and states of the same Hgsite, orTe
Ey +  0.7 Eg defect. Concentration varies 
from 1 to 1/100 [HgJ 
vac. concentration. These 
control lifetime and 
noise in undoped 
material.
antisite.
Cu doped 2 levels Donorlike. These Cu on Te site.
E t. +  0.05 eV control lifetime or Cu complex
E y +  0.150eV. 
Fixed relative to 
Ey
and noise in 
Cu doped material.
with a donor.
Au doped Several dif­ Donorlike. Au related
* ferent levels 
seen in dif­
multiple
complexes.
ferent samples. '
As doped One level near 
1/2 with
Acceptorlike (ar > a , ). 
Not a good recombina­
. Complex of As.
the common 
undoped defects, 
seen depending
tion center.
on the anneal. '
TABLE 2.7. 2 AFTER JONES et al ( 84 ).
of indium doped samples was low, possibly due to the formation of In^Te^- 
Vydyanath proposed that donor-acceptor pairs are formed in iodine and 
phosphorus doped material. The pairs having the structure:
(Im V ) (p (P__ V ) and (P V )+ where the subscript
Te Hg Hg int Hg Hg Hg Hg
represents the substitutional site and V represents a vacancy.
A high degree of impurity segregation in CMT is expected due to the
wide solid solution loop of the pseudobinary equilibrium phase diagram
(Figure 2.1.1). Capper (90) has published chemical data confirming
the segregation of impurities in bulk grown CMT. Typically in bulk-
14 15grown n-type cyrstals, residual impurities at concentrations of 10 -10
-3
cm determine the electrical activity of the crystal (85, 89, 90).
Areal variations in electrical characteristics can therefore, be 
expected across the slice.
ELECTRONIC STATES ARISING FROM DEFECTS AND IMPURITIES
2.7.4 SHALLOW LEVELS
The concentration of ionized impurities or defects occupying shallow
states determines the electrical type and carrier density in CMT
crystals (54). The concentration of intrinsic carriers is relatively
13 14 -3
small, of the order 10 -10 cm i in alloys of composition x - 0.2 at 77K.
The hydrogenic model of substitutional impurities in semiconducting
crystals (67) predicts shallow donor and acceptor levels to be within
the forbidden gap and at energies of less that 5meV from the intrinsic
band edges. Calculations (24) suggest that donor levels broaden from
discrete states into an impurity band forming a continuum with the
14 -3conduction band at concentrations greater than 10 cm in material
of composition x < O'.44 at 77K. An analogous effect is predicted for
19 -3acceptor densities in excess of 10 cm (98, 99). Calculations of 
the energy levels produced by bulk atomic vacancies in CMT (25) predict 
anion vacancies to have states located high above the conduction band 
edge. For material of composition x <  0.7 cation vacancies are expected 
to form shallow states close to the valence band edge.
Experimental data are in.general accord with the behaviour predicted
from theory. For material of compositionx<0.3, this writer has found
no reports of carrier freeze out in Hall effect measurements at
temperatures above 4K (K T -v 0.34 meV) for either n-type material doped with
14 -3
greater than 10 cm .monovalently ionized donors (77, 90, 100, 101)
16 —3
or p-type doped with greater than 10 cm monovalently ionized acceptors 
(90, 102). Scott (77) has reported freeze out in n-type material of 
compositionx> 0.5. In all cases,the identity of the impurity (s) or 
defect centre was unknown. Electrical behaviour akin to the shallow 
level model is always observed in material with a high mercury vacancy 
concentration. From a comparison of p-type undoped material with copper 
doped material, Vydynath (87, 88) has deduced that the mercury vacancy 
is a double acceptor. Amirtharajet al (103) has concluded that the 
mercury vacancy is the dominant acceptor in undoped material. This is 
supported by Rhiger and Cornilsen (104) who noted a correlation between 
the centre observed by Amirtharaj, in material believed to have a high 
concentration of mercury vacancies. j
2.7.5 DEEP LEVELS
Electronic states lying deep in the energy gap can determine the minority 
carrier lifetime and the electrical noise in semiconductor devices (56).
Deep levels have been observed in photoluminescence studies (105, 106) 
and by deep level transient spectroscopy (DLTS) (107, 108, 109).
Jones et al (84) have deduced that in material whose p-type activity is 
determined by either mercury vacancies or through doping with arsenic that 
deep recombination centres are always associated with a shallow level.
The concentration of deep centres being proportional to the density 
of shallow acceptors. In undoped p-type material, Jones et al (84) have 
observed two traps located at E^+ 0.4 Eg and E^+ 0.7Eg together with a pinned 
shallow acceptor level at E^+ 0.015eV. This shallow level is ascribed 
to the mercury vacancy. Jones has shown that the donor-like deep levels 
are intrinsic to the electronic state of the shallow acceptor centre 
in the lattice and do not result from another charge state of the species. 
Kinch et al (109) have previously ascribed these levels to the mercury 
vacancy. A survey of deep level centres observed in CMT are listed in 
table 2.7.2.
CHAPTER 3 ION IMPLANTATION
3.1 INTRODUCTION
The technique of ion implantation is the controlled injection of high
and depth distribution of implanted atoms can be precisely controlled/ 
principally through the energy and dose of the implanted ions, target 
temperature and orientation of the targets crystal lattice with 
respect to the axis of the ion beam (40). The influence of the 
former factors on the spatial distribution of implanted atoms has 
been given special emphasis due to the polycrystalline nature of CMT.
3.2 ENERGY LOSS
Upon penetrating a solid 311 implanted atom (40) will continually lose' 
kinetic energy through its interaction with electrons (mainly valence) 
in the solid and the forces arising from a screened - Coulomb 
interaction potential between the projectile and target nuclei. These 
processes are known as the electronic and nuclear energy loss respectively 
(40). Nuclear interactions are generally elastic, and momentum of the 
particles are conserved. Inelastic energy losses other than those from 
-electron electron interaction such as electronic excitations which result 
in electron or photon emission, are usually negligible (110).
An analysis by Lindhard (111) has shown that the electronic and 
nuclear energy loss components may be regarded as independent 
contributors to the total rate of energy loss,
velocity ions into a target substrate (21). The concentration
(3.1)
where R is the path distance. Lindhard, Scharff and Sohiott 
(11) have since developed a comprehensive theory of energy 
loss for ions incident upon amorphous targets. Figure 3.2.1 shows 
the LSS universal nuclear energy loss curve and electronic stopping 
for boron and mercury implanted into CMT (x = 0.2), where
£ = E     (3.2)
°' W 2 < Y * 2i
z =
RN4TT a2M1M2
(M +M )2    (3.3)
and a = a (Z 2/3 + Z2J 3 ) ^   (3.4)
o 1 2
Mi'2 = atomic mass of projectile and scattering
atom respectively
Z = atomic number
N = number of target atoms per unit volume
-9a = The Bohr radius (5.292 x 10 cm)
o
The LSS universal nuclear energy loss is independent of the density 
of scattering centres in the substrate, the atomic mass or atomic 
number of the projectile and substrate atoms. The electronic energy 
loss rate is weakly dependent upon the atomic masses and numbers of the 
particles and is proportional to the square root of the projectile 
kinetic energy#
I ae \    (3’5)= K£
where
d£/d£
0.4_
0.2
1 2 3 4
1/2
FIGURE 3.2.1 LSS ENERGY - LOSS RATES TN 
CMT(X=0. 2 ) .
yj,
SURFACE
ION TRACK
—  NUCLEAR
-  ELECTRONIC
FIGURE 3.3.1 DEFINITION OF RANGE PARAMETERS*
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Data from figure 3.2.1 show that interactions between the nuclei of 
projectile and target atoms are the dominant mode of energy loss for
mercury atoms implanted into CMT at energies less than severl MeV.__
In contrast, for the light ion boron electronic stopping is the 
dominant mechanism of energy loss for projectiles with energies in 
excess of 9.3. KeV. At lower energies, nuclear stopping dominates 
the total energy loss rate. Ryssel et al (3o) have recently published 
values of energy loss rates for boron implanted into CMT (See 1.4.1). 
The LSS predictions of energy loss rates are within +_ 20% of this 
data. Models such as LSS or more accurate computer models such as 
"TRIM" (20) are used to calculate the projected range and ranae 
straggling of implanted ions (See Section 3.3).
Collisions between the electrons of projectile and tarcret atoms 
cause little perturbation to the projectile's trajectory. This 
interaction mav be taken as analogous to a viscous drag experienced 
by a particle in a liquid (40).
Atom-atom interactions are, to a first order approximation a two body 
collision, with a large transfer of energy from the projectile to 
the scattering atom. According to the hard sphere approximation (21) 
the maximum transfer of energy occurs for a head on collision between 
the projectile and target atom (40),
E = E . M o 4M_ M 1 2
( V M)
(3.6)
If the exchange of energy to a lattice atom is greater than ^ a few tens 
of eV then the target atom will be displaced from the lattice site (21).
The primary recoil atom may subsequently collide with other lattice atoms 
recreating a cascade of displaced atoms (21). From the previous discussion 
on energy loss, it is apparent that the mass of the implanted species 
has a significant influence on the distribution of implanted dopant.
Heavy atoms such as mercury suffer large angle deflections upon entering 
the solid through nuclear interactions (40). The projectile atoms 
follow a zig-zag course with decreasing path length between collisions 
as the projectiles kinetic energy is reduced (increasing cross-section).
- 57 -
Converseley, light atomic species such as boron essentially follow 
a straight path in the original direction of motion through the 
predominance of the electron-electron interaction between particles. 
Only deep into the solid where the projectiles kinetic energy is 
low does internuclear interaction become significant, resulting 
in a small amount of straggle at the end of the projectile track.
If a major crystal axis of the target is presented to the ion 
beam, the projectiles see a relatively open structure. A projectile 
entering a channel between planes of densely packed atoms may 
assume a helical trajectory through the corridor, steered by a 
series of correlated glancing collisions with the atoms which form 
the walls of the corridor (112). Channelled particles can therefore 
penetrate far beyond the LSS projected range in the crystal. The 
effect of ion channelling on the distribution of implanted species 
is assumed to be negligible due to the polycrystalline nature of 
bulk grown CMT.
3.3 RANGE OF IMPLANTED IONS
The total path length, or range R, traversed by the implanted 
projectile is evaluated from the rates of energy loss through 
the relation (110),
E
R(E) J  ■(-dE/dR) + (-dE/dR)  * (3#7)
o N e
In practice, it is the projected range, R , defined in Figure 3.3.1,
P
which is of interest to the experimenter. To a first order
approximation, slowing down of the implanted atoms is a random process and this
gives rise to a Gaussian depth distribution of the implanted dopant
(40). The profile may be described by an average projected range
R , and standard deviation or range straggle, AR (40),
P p
N(x) = N (R ) exp 
P
(x - R )2 
P
2 ARJ 
P
(3.8)
The depth distribution of implanted dopant can be more accurately
described by considering higher moments of the distribution (40).
For a symmetrical Gaussian distribution, the maximum concentration of
implanted dopant occurs at x = R , given by
P
n (R ) 0 n  o>
p ( 2 “Tr ><i a r— ............................... .............  (3-9)
P
where 0 is the implanted dose. The Gaussian distribution of implanted 
impurities predicted by the LSS theory is in good accord with experimental 
determined impurity distributions in CMT (See Section 1.4.1). Improved 
range statistics have recently become available based upon computer 
calculations (TRIM)'utilizing a Monte Carlo Technique (20). Experimentally 
determined values of the projected range and range straggle published by 
Ryssel et al (30) were used to generate the theoretical depth profiles of 
the concentration of implanted atoms reported in this study. The 
comparison of Ryssel's data with TRIM calculations in Figure 3.3.2 
reveals TRIM over estimates the projected range by approximately 10%.
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CHAPTER 4' EXPERIMENTAL METHODS
4.1 MATERIALS PROCESSING AND SAMPLE PREPARATION
4.1.1 MATERIALS
Bulk grown CMT was used throughout this project. Material was supplied 
as wafers cut from polycrystalline boules of CMT grown by a modified 
Bridgeman (89) or solid state recrystallization (SSH) technique (69).
The pseudobinary composition(x) and electrical properties of CMT wafers 
used in this study are listed in table 4.1.1. The electrical activity 
of Bridgeman grown material was determined by the mercury vacancy 
concentration in p-type material, whilst residual impurities determined 
the activity of as-grown n-type material*.
4.1.2 POLISHING AND CUTTING
CMT is a soft and yet brittle material. Preparation therefore required
careful handling using fine hair brushes often in combination with
floating on organic liquid films. At no stage was the sample temperature
o
allowed to exceed 80 c, in order to restrict the loss of the volatile 
component (Hg) and changes in electrical activity (12).
(i) POLISHING
Material was supplied in the form of discs, 10mm diameter and 0.4-0.5mm 
thickness, which had been cut from polycrystalline boules. Chemomechanical 
polishing removed the cutting damage and provided parallel faced samples 
for experimentation. Typically, 50-100 pM of material was removed from 
both faces of the sample by polishing, this being accomplished in two 
stages,
(a) chemomechanical polishing, followed by a
(b) dip etch.
* Dr. P. N. J. Dennis, RSRE(M) - Private Communication
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Specimens were mounted with wax on a glass microscope slide, and 
under gentle pressure, polished by a contra-rotating action on a 
polishing mat soaked in 5% v/v bromine-methanol. After rinsing 
in methanol, the sample was dip etched in 1% v/v bromine-methanol to 
remove 2-3jiM of material possibly damaged by the primary polish.
The reaction was then quenched in methanol.
A two stage polishing process was developed because large sections of 
material cannot be removed by free chemical (dip) etching as uneven 
removal occurs due to macroscopic defects such as crystallites, 
dendrites, precipitates, voids or inclusions. Secondly, an enhancement 
of the etch rate at the edges of a small sample (<. 5mm diameter) 
is so pronounced that parallelism is difficult to achieve by chemical 
etching alone.
(ii) CUTTING
Prior to cutting, a polished specimen was stained using the etchants 
described in table 4.1.2. By revealing the grain structure and 
macroscopic defects, relatively defect-free regions were selected for 
experimentation.
Samples were cut from a wafer using a lubricated wire saw, the specimen 
mounted in low melting point (< 60°C) wax and sandwiched between glass 
microscope slides. Mechanical cleavage could not be used due to the 
polycrystallinity and brittle nature of CMT, although some samples were 
produced from wafers which had fragmented during the polishing process. 
Chemical etching was not a practical method of dividing wafers because 
of the large degree of undercutting produced around the periphery of 
selected areas.
4.1.3 LAYER REMOVAL
Accurate determination of the concentration profile of electrically 
active centres in ion implanted samples requires electrical measurements 
before and after the removal of thin layers of material from the 
implanted surface (see section 5.3.4). Two methods were developed 
for. this purpose:
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(i) ELECTROCHEMICAL
Figure 4.1.1 illustrates an electrochemical cell* in which the passage 
of an electric current through the electrolyte produces oxidation of 
the CMT substrate, which forms the anode of the cell. Substrate 
material is consumed in the formation of the anodic oxide. Thereby^ 
through dissolution of the oxide, a thin layer of material was removed 
from the CMT substrate.
In the electrolysis of CMT a constant current density, typically 
-2
lOOjiAcm , is passed for 1-2 minutes between the electrodes until 
the required anodization potential is obtained. For the electro­
chemical cell of Figure 4.1.1 the process of oxide growth was self 
limiting upon reaching a potential of 20-25V DC. Through dissolution 
of the anodic oxide in 20% formic acid, the depth of substrate material 
consumed could be determined as a function of the anodization potential
I
(see Appendix A6). Measurements were made of the step height produced 
between the freshly exposed substrate and a region masked from the 
electrolyte using a Rank-Taylor-Hobson talystep machine.
(ii) CHEMICAL
Thin layers were removed from ion implanted CMT substrates by dip 
etching in dilute solutions of bromine-methanol.j The process is 
described in table 4.1.3. Etch rates were determined by measurements 
of the etch step height on fragments of each implanted wafer using a 
Rank-Taylor-Hobson talystep. The machine was set at a low 
stylus pressure to avoid scratching the specimen. Attempts to 
remove thinner layers by a combination of a more dilute etchant and 
shorter etch times were abandoned due to the inconsistent etch rates 
observed.
* The use of NaHCO^' as an electrolyte was suggested by Dr. P. N. J. Dennis 
RSRE(M) .
Demount and clean cryomounted sample 
(ethylacetate < 30cc). Apply contact 
protection (lacomite).
Quench reaction in analar methanol
Bromine-methanol etch. (Gentle agi 
tation in 0.1-0.3% V/V. Removes 
1000 jt 200X in 30 secs.)
Dissolve contact protection 
(ethylacetate < 3 0 cc. Propan-2-ol 
wash.
Table 4.1.3 "Van der Pauw" ETCH PROCEDURE.
XPS
Br-meth dip etch 
1/*M removed, 
quench in methan 
-ol.
Wash in tetrahydrafuran
Sample mounteg with Ag paste on gold 
coated holder .Specimen out-gassed 
and degaussed.
* Sample connected to earth to prevent charging. 
Mount Au coated to define chemical background 
in XPS analysis.
Table 4.1.4 SAMPLE PREPARATION FOR ION IMPLANTATION 
AND X-RAY PHOTOELECTRON SPECTROSCOPY.
4.1.4 ANNEALING
Ion implanted samples were thermally annealed to electrically 
activate the implanted dopant, whilst simultaneously reducing the 
concentration of defects produced by the interaction of energetic 
dopant ions with lattice atoms during implantation (Chapter 3).
Thermal annealing was carried out under a neutral a m b i e n t  (flowing 
dry nitrogen) in a tube furnace. The samples were encapsulated in 
zinc sulphide and annealed for the shortest practicable time to 
avoid the out diffusion of mercury (see Section 2.7). Details of 
the process are given in Figure 4.1.2. Profiles of annealing 
temperature versus time for the two annealing schedules used in this 
study are illustrated in Figures 4.1.3 and 4.1.4. Although the 
maximum annealing temperature was predetermined by the Furnace 
controls, Figure 4.1.2, the form of the annealing profiles was 
dictated by the thermal time constant of the furnace. The furnace 
temperature was therefore equilibrated prior to the loading of samples,
Trials using Shipley AZ111 photoresist as an annealing < encapsulant 
were unsuccessful. Thermal shrinkage of the resist during annealing 
results in fragments of CMT being torn from the surface of the wafer, 
plate 4.1.1. In contrast, sublimated 3nS films remain coherent and 
uncrazed after a thermal anneal, with no degradation in the surface 
topography of the underlying CMT.
4.1.5 SAMPLE PREPARATION
The details of sample preparation for ion implantation (I.I) and 
x-ray photoelectron spectroscopy (XPS) are summarized in table 
4.1.4.
4.1.6 ELECTRICAL CONTACTS
(i) n-TYPE MATERIAL
Indium dot contacts were made by low temperature soldering. After 
cleaning the sample in tetrahydrafuran, small balls of three 9 1 s pure 
indium (approx.0.5 mm diameter) were etched in hydrochloric acid and
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Plate 4.1.1 SURFACE DAMAGE RESULTING FROM SHRINKAGE 
OF SHIPLEY AZ111 PHOTORESIST ANNEALING 
ENCAPSULANT•XI90(120°C,16hrs).
Plate
X5000
4.6.1 SEM DAMAGE.LOW MAG. IMAGE OF RASTER SCANNED 
AREA.
o
immediately soldered with a fine iron at 160 C. No soldering flux 
was used. By using a very clean, freshly tinned soldering bit 
indium readily wets CMT. '
(ii) P-TYPE MATERIAL
Gold dot contacts (0.75 mm diameter) were made by evaporating four 9' s pure
gold through a razor foil mask. The contacts were 1500-200oS thick,
their thickness monitored by a quartz crystal oscillator during
evaporation. The rate of evaporation was adjusted to keep the
o
sample temperature below 60 C. Poor contact adhesion to CMT was 
observed for contacts of thicknesses greater than 200oS.
The current-voltage (I-V) characteristics measured between contacts 
on either p- or n-type material at 77K were linear and passed through 
the origin- of the I-V plot. Contact resistances were low, resistances of 
less than a few tens of ohms were measured between contacts
4.1.7 DEVICE FABRICATION
The electronic properties of CMT and p-n junctions formed by ion 
implantation into CMT were investigated through electrical measurements 
on Van der Pauw samples and photodiodes respectively.
(i) VAN DER PAUW SAMPLES
Van der Pauw samples were used exclusively in resistivity and Hall 
effect measurements (See Section 4.5) on p-type CMT substrates and 
n-type layers formed by implantation of p-type substrates with boron 
ions. The Van der Pauw structure is illustrated in Figure 4.1.5.
The fabrication process is outlined in table 4.1.5. To maximize the degree 
of electrical isolation of an implanted layer from its substrate, samples 
were fabricated from wafers polished to approx. IOOjiM thickness to maximise 
the substrate resistance. Low carrier concentration material was used to 
promote the maximum R_A product (44) of an isolating p-n junction. 
Technological problems and solutions in device fabrication and its adaptation 
to electrical measurements at cryogenic temperature (77K) are listed in 
table 4.1.6. Great care had to be taken during device fabrication to 
avoid overheating or fracturing the samples. Complications in the device 
processing were circumvented by fabricating samples from either as-implanted 
or , ost-implant annealed substrates.
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CLEAN; Wash in tetrahydrafuran. Air dry
LEAD OUTS: Fine Au leads soldered to contacts 
with Indium (M.pt=156 °c) .
MOUNT: Sample adhered with dow corning 
280A adhesive to sapphire mount. 
Air cure for 2 hours.
CONTACT: A. P-type ohmic contacts 
(149,150)
i) Periferal contact areas (<0.5mm dia.) 
defined in lacomit - no photolitho­
graphic facilities.
iii) Lift off in ethylacetate
ii) Evaporate 2000A Au, substrate 
temperature 60 *c.
B * N-type ohmic contacts
Indium solder balls alloyed into 
OIT surface. (<0.5mm dia.)
Table 4.1.5 FABRICATION PROCESS FOR Van der Pauw 
SAMPLES.
PROBLEM SOLUTION
Sample fracture from 
mounting or thermally 
induced stress.
Wetting of electrical 
contacting materials 
to CMT.
Contact punch-through 
of implanted layer.
Dow-Corning 280A or MS270L 
pressure sensitive adhesives.
Indium solder balls etched in 
HC1 to remove oxide,sample 
cleaned in tetrahydrafuran.
One second hand soldering 
technique close to m.pt of In,
Table 4.1.6 TECHNOLOGICAL PROBLEMS IN Van der Pauw DEVICE 
FABRICATION AND APPLICATION TO CRYOGENIC 
MEASUREMENTS.
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(ii) PHOTODIODES
Mesa diodes were fabricated from n-on-p structures formed by ion 
implantion into p-type CMT substrates. The devices, illustrated 
in Figure 4.1.6, were made by. either a non-photolithographic process, 
described in table 4.1.7/ termed as Surrey Mesa s, or alternatively 
a photolithographic process/ described in table 4.1.8, produced the 
Malvern Mesa. Both fabrication procedures required great care, in 
which mechanical contact and thermal treatments were avoided wherever 
possible. Accordingly devices were formed from either as-implanted 
or post-implant annealed substrates with no surface passivation applied 
over the junction region. Non-rectifying (ohmic) current-voltage 
characteristics were observed at 77K between the contacts to n-type 
layers or p-type substrates prior to their delineation -into photodiode 
arrays.
M :4.2 ii ION IMPLANTATIONI * 1 —
4.2.1 INTRODUCTION
The theory of ion implantation has been discussed in chapter 3. 
Experimentally, the principal advantage in its application to 
chemically doping CMT stems from implanting dopant at room temperature. 
This is in contrast to the elevated temperatures required for doping by 
thermal diffusion (6).
4.2.2 TECHNOLOGY AND DOSIMETRY
Ion implantions were carried out using the 500keV implanter in the 
D. R. Chick Accelerator Laboratory, University of Surrey. The reader 
is referred to Gill' (113) and Kular (114) for detailed discussions of 
this machine. Figure 4.2.1 is a schematic diagram describing the basic 
elements of an ion implanter.
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The target chamber, ion beam monitoring and ion current measurement 
circuit are described in Figure 4.2.2. The ion dose, 0, was 
determined from the integrated ion current,
t
Q =
(4.1)
through the relation,
0 " — ■ (ions cm /3.q.A (4.2)
where Q = quantity of incident charge 
(3 = charge state of implanted ions
-19q = the electronic charge (1.602 x 10 c) 
A = target aperture area
The quantity 1^ is the average ion current incident upon the sample, 
produced by electrostatically raster scanning the ion beam over the
oscilloscope and suitable adjustment of the rates of vertical and 
horizontal electrostatic deflection, the beam was uniformly scanned 
over an area larger than the target aperture to ensure an 
arealy uniform dose. The average ion current was typically 30% of 
the instantaneous (unrastered) beam current. A large degree of over 
scanning was necessary since the diameter of the ion beam was 
significant relative to the dimension of the target aperture. The 
beam diameter varying from 1mm at 100 KeV to 3mm at 50 KeV, the aperture 
dimension was typically 1cm square.
Errors in dosimetry occuring through electrical pick-up and noise in 
the current integrator and pulse counter electronics (background count) 
were corrected by an average count applied over the duration of an 
implant. An error in the measured ion current results from 
secondary electron emission from the target (21) and neutral species 
in the beam (21) . Secondary electrons were returned to the target by the 
electrostatic field of suppression aperature, located between the target
specimens surface, Figure 4.2.1. Through the beam monitoring
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aperture and sample, biased to -300Vd.c. The neutral component of the beam
is created by the ion source and through charge exchange with gas atoms (21). 
The latter was reduced by evacuating the beam line and sample chamber to 
less than 5 x 10 torr (115). These factors are estimated to produce an 
error in the measured beam current equivalent to 2-5% in the required dose 
(115). The total dosimetrical error is better than Hh 15% (115, 116).
All implantations were carried out at room temperature and low current
densities to avoid out diffusion of the volatile mercury component
through heating of the sample. For the implant conditions listed
in table 4.2.1 it was confirmed experimentally that the sample
o
temperature did not exceed 60 C, through the adherence of a control 
sample mounted with a low melting pointing wax. The polycrystalline 
samples were implanted in a direction normal to the axis of the beam.
4.3 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
4.3.1 INTRODUCTION
The surface chemistry of CMT was investigated by x-ray photoelectron 
spectroscopy (117). In XPS the kinetic energies and intensity of
photoelectrons emitted through primary photoionization 
(see Section 5.1), induced by irradiation of the sample with
monochromatic X-ray photons (Figure 4.3.1) are measured. As such it is a non­
destructive technique. The identity, areal concentration and 
chemical state of atoms contained within 15A of the sample surface^ 
is obtained from an analysis of the XPS spectrum (See Section 5.1).
4.3.2 EXPERIMENTAL DETAILS
The electron spectrometer was an ESCA 2 unit manufactured by V.G.
Scientific Ltd. The nucleonics of the apparatus are described
schematically in Figure 4.3.1„ Further details of the instrumentation
are given in reference (118). Perturbations to the trajectory of
photo-electrons through the spectrometer may occur by collision with
gas atoms or deflection in the earths, or stray, magnetic fields. The
spectrometer was magnetically shielded with mu-metal, and evacuated 
_8
to 10 torr during analysis, to remove these effects.
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-  ■ 2 Samples were irradiated over an area of 1cm with MgKoc X-rays
(1253.6eV). In the wide scan mode, the number of photoelectrons,
that is the photosignal intensity, as a function of kinetic energy
is measured, and data stored in the multichannel analyser (Figure
4.3.1) at a resolution of leV/channel over the range O-lOOOeV.
Regions of the spectrum could be analysed in greater detail through
narrow scans in which the data is collected at intervals of 0.2eV.
Data was accumulated through multiple scanning, which was then
electronically summed to produce the data output (spectrum).
Angular XPS scans provided qualitative and quantitative data as a
function of depth. XPS spectra were collected for angles of 15-70°
subtended by the axis of the x-ray probe with the plane of the
specimen. A "standard" XPS spectrum is taken at 45°.
The data of photosignal intensity is used in the quantitative 
analysis of the XPS spectrum (See Section 5.1.2) . The net integrated 
count under a photosignal peak was determined by electronically 
substracting the'background count* from the gross count stored in 
the multichannel analyzer.
4.4 RESISTIVITY AND HALL EFFECT MEASUREMENTS
4.4.1 INTRODUCTION
CMT was electrically characterised by its majority carrier type/ 
concentration and mobility. These quantities are determined from the 
resistivity and Hall effect (see Section 5.2) determined through 
electrical measurements between 77K and room temperature.
Test structures generally employed in measurements of the resistivity 
and Hall effect (67, 119) possess geometries which ensure a pattern of 
parallel current streamlines (120). The mechanical properties of 
CMT (See Section 4.1.2), absence of photolithography and adequate 
polishing facilities rendered the fabrication of such structures 
impractical for CMT. Measurements were therefore made on arbitrarily 
shaped samples.
* Produced through scattering of photoelectrons and secondary electron 
excitation by photoelectrons in the specimen.
4.4.2 VAN DER PAUW MEASUREMENTS
A method of determining the resistivity <e ) and Hall coefficient 
(R ) on an electrically homogeneous specimen of arbitary shape has 
been developed by Van der Pauw (121) (See Section 5.2) . These 
parameters are calculated from measurements of the voltages produced 
between terminals with the contact geometry shown in Figure 4.1.5.
The configurations of the contacts through which current is applied 
and magnetic field used in the Van der Pauw measurement are shown 
in table 4.4.1.
4.4.3 INSTRUMENTATION AND PROCEDURE
The Hall measurement system is shown in Figure 4.4.1. A cryostat was
used to make Van der Pauw measurements between 80K and room temperature.
The cryostat consisted of an aluminium mounting block surrounded by a
thermal shield, this assembly in thermal contact with a liquid nitrogen
reservoir, Figure 4.4.2. The cryostat was positioned in an enclosure
—6between the poles of the Hall electromagnet, evacuated to 10 torr 
by rotary backed diffusion pumps. The temperature of the cold finger was 
monitored by a dual cold junction (273K) chromel-alumel thermocuple. The 
sample temperature was within 4- 0.5K of the thermocouple reading at 80K. 
After measurements at 80K the liquid nitrogen reservoir was allowed to boil 
off and measurements make as the sample warmed to room temperature. The 
natural warming curve of the cryostat for a 20°C ambient is shown in 
Figure 4.4.3^ including the average excursions of temperature which 
occurred during a Van der Pauw measurement in various regions of the 
warming curve.
The Van der Pauw measurements were made by using a manually operated
sequenced relay box to address the constant current source and digital
voltmeter (DVM), via co-axial connections, to the appropriate Van der
Pauw terminals (table 4.4.1) and actuate the magnet, Figure 4.4.1.
Voltages were amplified 10-fold before monitoring on the high impedance 
12
DVM (approx. 10 _/u on jiV range) . The Hall magnet power supply unit
(PSU) was calibrated for fields in the range 1-6KG using a standard 
Hall sample on a glass microscope mount. The cryostats aluminium mount 
produced a negligible perturbation to the measurement when referenced 
against measurements using the glass microscope mount. A preliminary 
analysis of data was performed using a Commodore PET computer.
o  e> tn
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Table 4,4*2
RESISTIVITY AND HALL EFFECT MEASUREMENT PROCEDURE
Repeat
Room temp* sheet'measurements ( p ,RU )
Options Depth profile*
Layer strip (see Table If. I *3)
mal cycling (r.t
Room temp* spot measurement to 
check for any effects through ther-
77K) •
Sheet measurements at 77K as a func­
tion of current density (J) and 
magnetic induction (B)*
Transient sheet meas* At constant J. 
and B^ as a function of temperature * 
using natural warming characteristic 
of cryostat.
Room temp: I-V profiles between Van der 
Pauw terminals using curve tracer* 
Proceed if linear and passes through 
origin.
Cool to 77K :
i) I-V profiles and resistance be­
tween contacts.
ii) Sample electrically isolated?
iii) Optional I-V between front and 
back contacts — layer isolation.
iv) Temperature stabilized?
v) Joule heating effects?
- Check through stability of inter 
-contact resistance.
The resistivity and Hall effect .measurement procedure is described in 
table 4.4.2. A synopsis of the range of measurement conditions is 
given in table 4.4.3. To maximise the measured Hall voltage detailed 
measurements were made at a magnetic field strength of 5KG.
4.5 DIODE CHARACTERIZATION
4.5.1 CURRENT-VQLTAGE AND CAPACITANCE-VOLTAGE MEASUREMENTS
(i) CURRENT--VOLTAGE MEASUREMENTS
An important Figure of merit for a photodiode is the product of its
dynamic resistance (Rq) at zero-bias voltage with the junction area,
A (10). R was determined from the current-voltage (I-V)
J o
characteristic of n-p junctions cooled to 77K a typical operating 
temperature of long wavelength (8-14JIM) CMT infrared photodetectors 
(122). Devices were mounted on a liquid nitrogen cooled stage and 
electrical contact made to the device through fine gold wire probes^ 
in circuit with a Tectronix curve tracer. Polaroid photographs 
of the I-V characteristic were taken from a graticuled 
C.R.T. display
(ii) CAPACITANCE-VOLTAGE MEASUREMENTS
The spatial distribution of ionized impurities which defines a p-n 
junction principally determines its electrical characteristics (56). 
The distribution of electrically active centres in the vicinity of a 
p-n junction can be determined from the variation of junction 
capacitance with reverse bias (123). Capacitance-voltage (C-V) 
measurements were made on test diodes submerged in liquid nitrogen 
(77K) and shielded from daylight to reduce the diode photocurrent.
A computer controlled HP4275A LCR meter automatically monitored the 
device capacitance at 1MHz as a function of reverse bias. Prior to 
measurement a correction was made for the extraneous inductance and 
capacitance of-the test leads.
4.'5.2 OPTOELECRONIC ASSESSMENT
The quality of a photodiode is assessed through Figures of merit (See 
Section 5.3.2)^ which have been reviewed by Keyes (122) . Theoretical 
predictions of ^ device performance are given in Appendix AI. Devices 
were mounted in cryo stats fitted with poly crystal line SnSe windows 
which transmit a constant 70% of the incident infrared radiation over 
the range 3-15jjM. All measurements were made at 77k in a 2-r 
field of view (FOV).
(i) SPECTRAL RESPONSE
The spectral response is a relative measurement of the detector Qutput 
signal in response to a change in wavelength of the incident infrared 
radiation. The output signal of an unbiased photodiode was compared 
against the response of a Golay cell, the measurement illustrated 
schematically in Figure 4.5.1. Modulation of the infrared source 
by a mechanical chopper provides a reference comparator between the 
source of emission and the associated response of the photodetector 
and Golay cell. This method,therefore,discriminates against signals 
from the undefined thermal background.
(ii) RESPONSIVITY
The detector r.m.s. output signal was measured in response to the 
incident r. m. s. radiant power emitted from a blackbody at 500K.
A schematic description of the measurement equipment is given in
Figure 4.5.2 The output from the blackbody source was modulated at 800 Hz.
(iii) OPTICALLY ACTIVE AREA
The optically active- area of a device was determined through localized 
photoexcitation generated in the sample by irradiation with a lO^ tM 
diameter beam from a He-Ne laser. The photoresponse of the test device 
was measured as the beam was raster scanned across its.surface.
A Dewar containing the device was mounted in a micrometer stage, whose 
X and Y movements were electromechanically linked to the corresponding 
inputs of a chart recorder.
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4.6. MISCELLANEOUS TECHNIQUES
Scanning electron microscopy and electron microprobe analysis 
were used to provide electron micrographs of the surface topology 
and an associated compositional analysis of CMT samples. Unfortunately, 
localized heating of the sample by the electron beam probe used in 
these techniques was found to damage the CMT surface (see plate
4.6.1) and produced inconsistent compositional analyses. Attempts 
to measure the composition of p-type samples using an infrared 
spectrometer, through measurement of the absorption edge also failed 
due to poor transmission of incident infrared radiation by the 
CMT samples.
CHAPTER 5 ANALYTICAL TECHNIQUES
5.1 X-RAY PHOTOELECTRON SPECTROSCOPY
5*1‘1 ELEMENTAL ANALYSIS AND CHEMICAL STATE
(i) ELEMENTAL ANALYSIS
The binding energies of core electrons are characteristic of an atomic species
(124) and therefore provide a direct chemical identification of ah-. 
element. In XPS the chemical identities of surface atoms are determined 
through calculations of the core electron binding energies which 
correspond to the measured kinetic energies of photoelectrons.
Table 5.1.1 shows the primary emission processes which occur during XPS. 
Photoelectrons are principally generated by the photoionization process 
(117), whose energetics are related to the measured quantities in 
Figure 5.1.1. Assuming that no adiabatic relaxation of electron 
orbitals occurs in the process of photoejection (Knoopmans theorem
(125) , the core binding energy, of a photoelectron is calculated from j 
the relation,
Eb =  hv - ESP   f5-11
where hV is the energy of an x-ray photon (monochromatic radiation) and 
Egp the measured kinetic energy of the photoelectron.
A contribution from the spectrometer work function to the binding energy 
(Figure 5.1.1) is removed by calibrating the binding energy scale to 
the reference value of the *C(1S) ionization potential (124). The 
linewidth of the x-ray source, 0.5eV (118) determines the absolute 
accuracy of the calculated binding energy, representing a consistent 
error in the XPS data. The kinetic energy of Auger electrons emitted 
by relaxation of photoexcited atoms (table 5.1.1) is dependent-upon the - -
difference in energy between the initial and final state of the atom.
Auger electrons therefore provide an internal standard in the XPS 
spectrum. However, Auger signals have a relatively low intensity as 
a result of competition from the process of x=-ray fluorescence (table 5.1.1) 
from the high 3 component (primary) elements of CMT (126) and are 
therefore difficult to resolve in the XPS spectrum. *
* Present from airborne contamination
IDENTITY MECHANISM
PRIMARY A+hv=A*++e~ PHOTOIONIZATION
PROCESS
SECONDRY A+hv=A +e
PROCESS(SHAKE-UP)
RELAXATION A*+ =A++hv X-RAY FLUORESCENCE
A*+ =A+++e~ AUGER ELECTRON
EMISSION
Table 5.1.1 PRIMARY ELECTRON AND PHOTON EMISSION 
PROCESSES IN XPS.
ELEMENT SUB-SHELL INTENSITY
FACTOR
Cd 3d5/2 3
3d3/2 3
Te 3d5/2 4
Hg 4f7/2 2.4
Table 5.1.2 SUB-SHELL SENSITIVITY FACTORS 
IN XPS.
Figure 5.1.1 RELATIONSHIP BETWEEN ENERGETICS OF PHOTOIONIZATION 
AND MEASURED QUANTITIES IN XPS.
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Photosignals from the mercury 4F core electron subshells and 3d 
subshells of cadmium and tellurium were selected for narrow scan 
studies. These photosignals are the most intense in the XPS 
spectrum of CMT produced by the MgK* or ALK«»4 x-ray sources of the 
ESCA 2 spectrometer (see section 5.1.2). Spectral interference may 
occur between the Te(3d)5^2 and Hg(4p)_3^2 photosignals, whose 
ionization energies are separated by only l.leV (see appendix A3).
(ii) CHEMICAL STATE
Small changes in the core electron binding energies of an atom, 
termed chemical shifts, are produced when the atom is chemically 
combined with another species (125). To a first approximation 
these displacements,, and therefore the chemical structure, may be 
described in terms of partial charges on the atoms produced by the 
redistribution of valence electrons (117). This is apparent from a 
consideration of the binding energy of a core electron. The binding 
energy results from the screened coulomb attraction of the nucleus „
If in chemical combination the atom gives up a valence electron, the 
screening of the core electrons from the nucleus is reduced, thereby 
increasing its binding energy. Similarly if the atom gains an electron 
the shielding of the core electrons is increased and the binding 
energy correspondingly reduced.
The magnitude of chemical shifts are obtained from the displacement
of the calculated binding energy from the electrons ionization potential in the
pure element (124). The binding energy scale is estimated to be
displaced from the reference data by + 0.5eV through the chemical
effect of alloying the primary elements of CMT (127).
5.1.2 QUANTITATIVE ANALYSIS
A quantitative surface analysis can be made using the peak
intensities in the XPS spectrum. The integrated count under a
photosignal peak is expressed as a relative intensity of F(1S)
equivalents through a subshell sensitivity factor, which is then normalized
as a percentage of the number of equivalents represented by the entire
spectrum^
N (x) = . (A /S ,
— -— — .100%   (5.2).'
hV
S  (A/s)
where N (x) = the surface atomic percent of element "x"
A^ = the integrated count under the photosignal peak,
S = Subshell sensitivity factor, that is the intensity
X
ratio of subshell "x" relative to the F(1£T) signal 
at the same molar concentration (Table 5.1.2).
The signal to noise ratio in an XPS spectrum limits quantitative 
analyses to species present in concentrations greater than one surface 
atomic percent (127) . Quantitative XPS analyses were reproducible to 
better than + 5%.
5.1.3 MEAN ESCAPE DEPTH AND DIFFERENTIAL 
PHOTOELECTRON SPECTROSCOPY
The surface sensitivity of XPS stems from the mean escape depth, 
d^ of a photoelectroi 
its kinetic energy, E
 n, which is proportional to the square root of 
6»
s,
de= ffs”1) CEg   (5.3)
where C is a materials constant and ■f* (s L) a function of the atomic 
number, 3, of the absorbing atom (117). The mean escape depth is 
estimated to be 10-15 £ in CMT (127).
The mean escape depth of photoelectrons from CMT corresponds to
the first 2-3 atomic layers of the lattice (section 2.1) . XPS
qualitative and quantitative data is therefore,an integration
over this depth. By varying the angle of incidence on the 
o o
x-rays from 15 -70 the integrated data was correspondingly 
weighted in favour of the surface monolayer or 'bulk'.
5.2 HALL EFFECT AND RESISTIVITY
5.2.1 THE HALL EFFECT, HALL MOBILITY AND RESISTIVITY
In the presence of a magnetic field an electrical conductor develops 
an electric field in a plane at right angles to that of the crossed 
electric and magnetic fields (67). This is known as the Hall effect, 
illustrated in Figure 5.2.1. The sign and,
E = R J B-   (5.4)
hy H x 3
where E = Electric field
J = current density
B = Magnetic induction
magnitude of the Hall coefficient (R ) defined in equation (5.4), is
H
dependent upon the charge and density of the carriers respectively 
(120). In simple theory (67), for majority carrier conduction, it is 
assumed that a space charge is established by the action of the Lorentz 
force. Thereafter, the resultant transverse electric field balances 
the action of the magnetic field, removing the perturbation to the flow of 
longitudinal current. In CMT charge carriers in both the conduction 
and valence bands (54)can contribute to electrical conduction. The 
longitudinal current is the net flow of oppositely charge carriers 
drifting in opposed directions. The Lorentz force deflects both 
carriers in the same direction, Figure 5.2.1. A transverse electric 
field, created by the initial movement of charge, cannot simultaneously 
counter the magnetic deflection for both carrier types. To maintain
XFigure 5.2.1 THE HALL EFFECT.
R1=V4“V3
1-2
R2=V1"V4
2-3
R3=V4“V2
1-3
THE Van der Pauw TECHNIQUE REQUIRES A 4 TERMINAL 
RESISTOR STRUCTURE.ELECTRICAL CONTACT IS MADE BY 
FOUR OHMIC POINT CONTACTS TO THE PERIPHERY.GEOMET 
-RICALLY THE SAMPLE MUST BE FLAT AND CONTINUOUS 
i.e. CONTAIN NO HOLES.
Figure 5.2.2 Van der Pauw CONTACT CONFIGURATIONS.
the constant Hall field, the net transverse current.density is 
assumed to be zero in accord with the principal of charge
conservation (67). According to this model, the Hall field is defined as tha 
transverse electric field which maintains the zero transverse current 
condition. An expression for the dual conduction Hall coefficient is 
then derived from the force components on the longitudinal and transverse 
currents through the action of longitudinal and transverse electric 
fields and the magnetic field (119, 67),
H 7 2 e . h  (P -  nb ) + bjipB^ ) (p-n)
2 2 2
q (nb + p) + bjipBg (p-n) (5.5)
which simplifies to:
V e , h (p-nb2) 
(nb + p)
.. (5.6)
(dual
carrier)
R = + r .H — e . h
Nq'
(single
carrier)
(5.7)
At high fields,
p-n
(^ iBg « l )
(5.8)
where
n-P
scattering factor (1 <  r K  .2)
carrier density of electronics and holes 
respectively
mobility ratio (p. j ji ) 
el h
M-P hole mobility
electronic charge
Physically^ such a model would only be possible through the existence 
of transverse diffusion currents. The above analysis, used extensively 
in the literature, is only applicable if the bulk lifetime is zero or^  
alternatively, in the presence of an infinite surface recombination
velocity. Under these conditions, no concentration gradients exist, 
and space charge neutrality is preserved over the transverse dimension. 
Experimentally, this situation may be achieved if a sample dimension 
is sufficiently large in the direction of the Hall field, such that,
ay
Banbury (128) and JLandauer et al (129) have discussed the Hall effect in 
the presence of transverse diffusion currents with surface generation and 
recombination (g - r) currents. For single carrier conduction, Banbury 
et al (128) have demonstrated that a space charge exists in very narrow 
regions (of the order of a Debye length (56)) at the transverse surfaces. 
The space charge density is small relative to the equilibrium carrier 
concentration. The resultant concentration gradient and surface 
recombination rate^ . therefore, have a negligible effect on the space-charge 
neutrality of the bulk. Equation (5.7) which is based on simple theory 
therefore, offers a good approximation to this model. In dual carrier 
systems, Banbury et al have shown that for finite samples the transverse 
current components and surface g-r processes will generally produce a 
region of neutrality about the centre of the transverse dimension^its 
extent depends upon the magnitude of the transverse current (I*y). For
i
a negligible density of surface states the transverse carrier flux equals 
the rates of generation and recombination at the two transverse surfaces 
(subscripted A and B)f
= V  V  " SB (4  -
q   (5.9)
where,
^ A f B = minority carrier density in the transverse surface
y 0 =
region
equilibrium concentration the the bulk
S = Surface re-combination velocity
A,B
Following Banbury et al (128)^  in an infinite specimen space-change 
neutrality is effectively maintained in the bulk and a situation analogous 
to the single carrier case exists. The transverse carrier flux which
establishes the Hall field in an infinite specimen is given by,
where the subscript N denotes the majority carrier. Following 
the equality in equation (5.9), we obtain:
1 + (b + 1) n2 B E . y  N 2 x ■ ■ vJ o
and
1 - (b + Dp.2 B E 
N 2 x (5.11)
For the condition I'y = I y  we note cannot be negative, thereforeB
(b + 1) ^  BgEx (5.12)
if the criterion of equation (5.12) is satisfied, there is effective 
bulk neutrality with space-charge regions confined to very thin surface 
layers. Since both carrier types are deflected in the same direction, 
the Hall field is established by the difference between the excess 
carrier densities. From data available in the literature (54), the
criterion (5.12) is believed to apply for all experiments carried out
in this project. Thereupon the conventional Hall, formula (equations 
5.6/7) are good first order approximations.
The modelling of the Hall effect has been based upon the following 
assumptions:
(i) low field conditions apply (130) i.e. pB 1, andS
(ii) all charge carriers have the same velocity, a single scalar 
effective mass and are scattered isotropically (67) .
- 98 -
The first condition is satisfied for charge carriers with a mobility
4 2
of less than 2 x 10 cm /VS for fields less than 5KG. . The circumstances, 
under which the second condition holds, have been discussed previously 
in Section 2.3. The surfaces of constant energy for electrons in the 
CMT lattice are spherical (53) and therefore, electrical conduction 
is isotropic. Measurements were generally made on samples where 
conduction was effectively through a single carrier type or where the 
electron distribution was degenerate (58) (See Section 2.5). under 
degenerate conditions, the carrier drift velocities form a narrow 
distribution about a mean value, a Maxwellian distribution observed 
for a non-degenerate electron distribution (130). The Hall field will 
therefore, closely compensate the Lorentz force for a degenerate 
distribution, as assumed in the simple theory. Under degenerate 
conditions, the dominant carrier scattering process may be characterized 
by the value of the relaxation time at the Fermi energy (67) and the 
Hall scattering factor, r, can be shown to approximate to unity (119).
In practical terms, the scattering factor is given by,
H
(5.13)
c
taking values between 0.5 and 2.
The conductivity mobility, ji^ , is defined for single carrier conduction 
by the relation,
c Nq
(5.14)
where &  is the conductivity. The Hall mobility/ is then obtained from 
the measured parameters by,
(5.15)
where £  is the ..resistivity. In practical terms, the resistivity 
is a materials parameter related to the sample resistance (R) through a 
geometrical factor,
R =  € . f (£)
Expressions for the resistivity in terms of carrier transport parameters 
are given in table 5.2.1.
conductor, then the presence of a magnetic field, normal to the direction 
of the current flow, will induce a change in the resistance of the specimen. 
This is known as the transverse magnetoresistance effect. A change in the 
resistance of the specimen occurs because the Hall field only compensates 
the Lorentz force for carriers of average velocity (120). Therefore, 
for a distribution of carrier velocities, a component of the longitudinal
! i;
current will be perturbed from the idirection of parallel current flow by
!  j
the uncompensated Lorentz force. In a degenerate semiconductor, there is 
a narrow distribution of carrier velocities (130), and therefore a 
negligible magnetoresistive effect.
5.2.2 DETERMINATION OF THE HALL COEFFICIENT AND RESISTIVITY USING THE THEORY 
DUE TO VAN DER PAUW
(i) THE VAN PER PAUW RELATIONSHIPS
Van der Pauw has determined a general relationship between R^ and R^
(defined in Figure 5.2.2) and the resistivity. For the conditions defined 
in Figures 5.2.2y
If a distribution of carrier velocities exists in a current carrying
exp
(5.16)
which may be written in the form
(5.17)
(R /R ) and is given by,
X 4+ \
PARAMETER
SINGLE CARRIER 
CONDUCTION
DUAL CARRIER 
CONDUCTION
r)
e  (eL--<=)
<5 ^
Law
^ ( N b - t - p ) ]  '
PlftCNtTcrteSlVTftATO
o o
TT}ft|\)SV'£^ 5£ O N f b / * p  0 * b)%
C H b + p ' ) a
R h
+  rfrn  
~ N
-t- fp,T1
_  fp,n ( N b * - p )  
( K b  +■ p  )a
rpafp-Nb^+b^ip
/ lH k  # -
Hiqn F i£lT> 
wDeqtd&ifrnS
P  ~  I 
p?n
T p , n  -  I
b) SHEET PARAMETERS. SINGLE CARRIER CONDUCTION
PARAMETER
RELATIONSHIP TO BULK 
PARAMETER FOR HOMOGENEOUS 
CARRIER DENSITY
e s e/d
^ H $
^ H S ^n/e
Table 5.2.1 RELATIONSHIPS BETWEEN THE RESISTIVITY 
AND HALL COEFFICENT WITH TRANSPORT 
PARAMETERS FOR ELECTRICALLY HOMOGENEOUS 
SAMPLES.
FOOTNOTE t -
The relations given for all galvanomagnetic 
measurements assume sphereical constant energy 
surfaces and a single scalar effective mass (44).
The carrier relaxation times are assumed to be 
independant of carrier velocity but different for 
electrons and holes.1- The dual carrier relation 
R«(Bx) provides a good approximation if the 
carrier relaxation time is a function of energy (52).
2 / _ \4
f  =£5= 1 -  f * i  " R2 \ -  / R1 " R2
Rl + R2 /  2 ’U ,  +  R*.
(Loge f^ _ fLoge2)
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  (5.18)
If the sample is symmetrical “F = 1 and only one measurement of R is required 
to determine the resistivity since = R^.
The four peripheral contacts of the Van der Pauw sample also serve to
determine the Hall coefficient (R ). Using the contact configuration
H
shown in Figure 5.2.2, the Hall coefficient is determined from the
difference in readings before and after a uniform magnetic induction (B)
has been applied in a directicjrj normal to the Lamella's surface,
r h = £  ' • A R 3   (5.19)
where
B
A r3 = A (y4 -  v2!
and
A (V4 -  V2) = Cv4 -  V , -  ( v  -  v2^
B B = 0
(ii) CALCULATIONS, ERRORS AND THEIR ELIMINATION
The four terminal technique used in Van der Pauw measurements reduces 
errors due to contact geometry through the function *f (see equation 5.18) 
and contact resistance. The current and voltage terminals are distinct 
from one another in this measurement. By using a high impedance 
voltmeter, little current is drawn from the sample through the voltage 
measuring contacts and therefore the IR drop due to contact resistance 
,is negligible.
(a) HALL EFFECT
There are two principal sources of error in the measured Hall voltages:
(i) The presence of a standing potential between the Hall probes,
and
(ii) The transverse e.m.f. generated by thermal gradients.
A standing potential between the Hall probes will exist if the probes
are displaced from an equipotential line. In the presence of a
magnetic field^ the standing voltage will either add to or subtract from
the Hall voltage depending on the direction of the magnetic field.
A standing potential (V ) is therefore eliminated by averaging the
voltage across the Hall probes for both directions of the magnetic
field. The effects which cause a potential to be developed between the
Hall probes as a result of a thermal gradient are listed in Table 5.2.2.
The physical basis of these effects have been discussed by Beer (119)
and Putley (120). Referring to Table 5.2.2 effects (1) , (2) and (3)
depend only on the presence of an irreversible thermal gradient and are
independent of the electric current. They are therefore eliminated by
averaging the Hall voltage (V ) for both directions of the d.c. electricH
current (see table 4.4.1). Both sources of error may be reduced by 
combining the following measurements,
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where A v . results from an uncertainty in the value of the standing 
potential in the absence of a magnetic field. The error resulting 
from the residual in the standing voltage was further reduced by 
using the combination,
* - [ ■VH + VE =2= ~  V4 - V3 ‘ V6 + V5 + V10 - V9 “ V12 + V11
(5.22)
by reversing the potential probes in the reversed current measurements 
and correcting for polarityy the computation averages any slight non- 
linearity between the Hall probes (table 4.4.1). The Hall coefficient 
is then calculated by substituting equation 5.22 into equation 5.19.
Referring to equation 5.21, for degenerate n-type material of 
composition x = 0.2 it can be calculated (67) that,
r -  ^  1 0 ' s  Ba «  i)'
H
at 77K. The Ettinghausen voltage (V , see table 5.2.2) is thereforeE
negligible in n-type CMT. Thermomagnetic effects were reduced by 
measuring under isothermal conditions.
(b) RESISTIVITY
Measurements for determining the resistivity using the Van der Pauw 
geometry are repeated with both the current and voltage terminals reversed 
(see table 4.4.1). The resistivity is then computed from the average of 
these measurements,,
= if R 1 (I+) + r 2 (i+ ) + Rx (l"> + R2-(I~)    ■ -
L o g ^
(5.23)
Where R is defined in Figure 5.2.2. This process eliminates errors
due to small non-linearities in the current-voltage characteristics, 
standing potentials between contacts and e.m.f.'s generated by thermal 1
gradients, as previously discussed in the calculation of the Hall coefficient.
5.203 • • INTERPRETATION■ OF 'DATA
For measurements on a layer containing a uniform distribution of 
electrically active centres, whose thickness is unknown, the 
electrical parameters are defined with respect to area rather than 
volume. The sheet parameters are:
where N(x) and 6 (x) are the carrier density and conductivity, 
respectively^of an incremental layer at a distance x below the surface.
area in a layer thickness x.. The corresponding bulk parameters may be 
obtained by averaging the sheet parameters over the thickness of the 
layer (Table 5.2.1).
Consider a lamella in which the concentration of electrically active 
centres is uniform across the plane of the sample but non-uniform 
through the thickness of the sample. Such a situation exists in an 
ion implanted sample (21). In this situation, the 
sheet parameters are not defined by equations (5.6,7). This results 
due to the dependence of the mobility on carrier density, and consequently 
depth (21). As a consequence, the measured sheet quantities are 
weighted averages (131),
\
X
(5.24)
n is therefore the total number of electrically active centres per unit
j
o
j N(x)M.(x,N)dx
N(x))i2 (x.N)dx
(5.25)
These equations were first derived by J. Zemel (131). These results 
can be derivedthrough circuit analysis of a co-lamina structure with no 
circulating currents. The co-lamina is regarded as a system of parallel 
resistors carrying the measurement current. A circuit analogy to 
the measured voltage is derived by incorporating internal resistance 
to the associated system of Hall voltage generators. It follows from 
equation (5 .25)' that where there are strong assymetries in the 
distribution of electrically active centres^
which is a consequence of the depth dependence of the mobility. 
Inspection of the equations reveals that given sufficiently large 
variation in mobility it is possible that may be dominated by
a small fraction of the total number of carriers lying in a region of 
high mobility.
Equation (5.25) were derived assuming the conductivity and Hall 
mobilities were equal. Noting this simplification, it is apparent 
from equations (5.25) that,
The Hall and conductivity mobilities are^ therefore^ weighted in a 
different manner, complicating the relation between the tame (conductivity) 
mobility and that determined through resistivity and Hall effect 
measurements# Inspection of equations 5.27 and 5,28 reveals the Hall
mobility is an overestimation of the conductivity mobility.
(5.26)
O
H (5.27)o
,x
(r = 1)
o
and equations (5.14), (5.24) and (5.25),
(r = 1)
N (x) dx
•x
(5.28)
o
5.2.4 DIFFERENTIAL •' MEASUREMENTS •
The distribution of electrically active centres can be accurately 
determined through successive measurement of the sheet conductivity 
and Hall coefficient before and after the removal of thin layers 
from the sample. Baron et al (132) have derived the following results 
from equations 5.25,
/ \ d (R 6 h  I d6 
J-t (x ) =  HS S / S
dx / dx
N(x) = r (d6s/dX)2   (5>2g)
q
(d(RHS62S)/dX
where the derivatives may be approximated by,
a6s = A ( 6S) 1
d(RHS62S) = A ^ S6S2) i
(5.30)
dx d.
i
where d^ is the thickness of the ith layer removed and &  ( )
is the change in ( ) produced through removal of the layer. The
number of carriers per unit area is therefore,
n = 2 .  N. d. .
s i l l     (5.31)
In this study the n-type implanted layer was assumed to be electrically 
isolated through the use of a high resistivity substrate and a p-n 
junction formed at the interface of the implanted layer and substrate.
The degree of isolation was assessed from the temperature dependence 
of the Hall coefficient and measurements as a function of current 
and magnetic field. Larabee and Thurber (133) have demonstrated that 
the.effects caused by vertical current leakage across a p-n junction may be 
corrected through a two-layer Van der Pauw measurement structure.
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External trimming resistors are used.to produce an identical voltage 
distribution over the surfaces of the implanted layer and substrate 
at their interface thereby removing the driving potential for a 
vertical leakage current. The inadequacies of Pitcher*s fabrication 
technology coupled with the delicacy and scarcity of material 
prohibited the use of this method. Formulars for the calculation of 
errors, assuming electrical isolation of the implanted layer from the 
substrate, are given in table 5.2.3 (114).
5.3 DIODE CHARACTERIZATION
5.3.1 R A PRODUCT AND CAPACITANCE - VOLTAGE MEASUREMENTS 
0 J ....................
(i) R A PRODUCTO J
The R A_ product as a figure of merit for characterizing photodiodes is 
u j "
discussed in Appendix Al. The zero bias dynamic resistance, Rq was
determined from the gradient of the photodiode current-voltage 
characteristic through the relation,
R ~1 = dl0 dV
V = 0   (5.32)
Junction areas, A , were taken from the device dimensions or the optically 
J
active area (4.5.2. (iii))..
(ii) CAPACITANCE-VOLTAGE MEASUREMENTS
The impurity profile in the vicinity of a pn junction was determined
, 2from the gradient of a 1/C plot as a function of reverse bias. In an 
n p diode the impurity profile (N (W)) in the p-type region was obtained
A
from the abrupt sided junction approximation (123), where
N (W) —  
A —
qKSEo d(l/C2)av  (5.33)
R
and. W (V ) = K E
R S o
C <VR)  . (5.34)
where W = the depletion width
q = electronic charge
Kg = static dielectric constant
K = 17 for x = 0.2 CMTO
K = 16 " x = 0.3 " '(10)
Eq = permittivity of free space
C = Capacitance per unit area
VR = reverse bias
(i) RESPONSIVITY
The responsivity is the ratio of the detector output signal to the 
incident radiant power. The responsivity was calculated from the 
relation,
V. . I -1
VWrbb<500K, 800 Hz) = det
A
where V
det = r.m.s. peak synchronous detector output voltage
A = optical or junction area
y  is a factor incorporating the blackbody r.m.s.radiant power incident 
at the detector over wavelengths less than the detector cut-off wave­
lengths (134). A correction is also included for shielding of the 
blackbody source and thermal emission from the blades of the mechanical 
chopper.
(ii) ' DEE-STAR (D*)
The observed response of a photodiode is limited by electrical noise, 
whose source may be internal or external to the detector. A 
discussion of electrical noise in photodiodes is given in reference 
(122). The measurable response of a photodiode is therefore defined 
as the r.m.s. signal to noise ratio per unit r.m.s. incident radiant 
power normalized to unit bandwidth and detector area (Dee-Star).
For a modulated blackbody source,
i-
D* (500K, 800 Hz, 1Hz) = R (500 K, 800 H_). A BB BB 3
V
n
2^ “1in units of cm Hz w for a 2 TT steradi an field of view. Calculations 
assumed the minimum detectable power was limited by the absolute 
minimum internal noise in the detector at zero bias i.e. the Johnson 
noise (122), where
V = (4 K TR )h   (5.37)
n B o
K is Boltzmanns constant 
B
T is temperature of photodiode
R is the zero bias dynamic resistance.
CHAPTER 6 EXPERIMENTS AND RESULTS
The results are presented in three parts, each being accompanied by 
a brief description of the experiments. In Section 6.1 data are 
presented of the surface chemistry of CMT produced after application 
of materials processing procedures. The electrical activity of n and 
p-type CMT and the distribution of donor-like centres in boron implanted 
and annealed boron implanted p-type CMT substrates are reported in 
Section 6.2. Finally, the optoelectronic characteristics of n-p
■f *f
photodiodes formed by Ar and B implantation into p-type CMT 
substrates are presented in Section 6.3.
6.1 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
Samples B1465/54 and 15 (191) 512 were examined by the XPS 
technique (see table 4.1.1).
6.1.1 CHEMICALLY ETCHED SURFACES
(i) CHEMICALLY POLISHED SURFACE
A 1000A of material was removed from the reference sample, B1465/54, 
composition factor x = 0.2, by a dip etch (See Section 4.1.2).
Figure 6.1.1 shows the wide scan photoelectron spectrum from 0 to 
1000 eV of an etched surface exposed to the laboratory ambient for 
15 minutes. Photosignals are present from the substrate component 
elements (Hg, Cd, Te), hereafter termed the primary elements. Photo­
electrons excited from the mercury (4f) electron subshell form a 
doublet in the photoelectron spectrum, located at 100.9eV and 104.9eV 
on the binding energy scale. Photoionized cadmium (3d) electrons 
are represented by the doublet at 405.5eV and 412.5eV. Two photo­
signals originate from the photoionized 3d subshell of tellurium, 
one doublet located at 573.7eV and 584.5eV, the other at 577.6eV and 
587.6eV. The peak in the photoelectron spectrum at 759.7eV results 
from the photoionized ^s^/2 state 9°!^, which coats the sample 
holder. Photosignals at 284.7eV and 532.7eV originate from the 
photoionized IS states of carbon and oxygen respectively, these 
elements present as surface contaminants. No identifiable signal 
above the background noise level is present at 257eV or 189eV in 
Figure 6.1.1, confirming that bromine from the etch solution, if
present, was at a concentration below the minimum detectable
18 —3level of 10 atoms cm (127).
XPS narrow scans are shown in Figure 6.1.2. Photosignals from 
the primary elements have narrow, symmetrical peaks with basewidths 
less than 3.5eV. These features are typical for atoms having a 
well defined surface atomic co-ordination (127). The 6eV basewidth 
of the oxygen (Is) photosignal indicates the atomic co-ordination 
of this element in the etched surface is complex.
Table 6.1.1 lists the displacements of the core electron binding 
energies in the photoelectron spectrum from the ionization 
potential of the electron subshells for th6 pure element. Data 
are corrected for the carbon (Is) displacement. The mercury (4f), 
cadmium (3d) and low energy tellurium (3d) photosignals are displaced 
by less than + 1.25eV from their ionization potentials in the pure 
element. These displacements are accounted fbr by the linewidth of 
the x-ray source and the alloying effect of the CMT matrix (see 
Section 5.1). The high energy tellurium (3d) doublet is 
positively displaced by 3.5 to 4.0 eV. This effect was also seen 
in the tellurium Auger photoelectron signal, Figure 6.1.1, 
confirming this photosignal represents a chemical shift. Quantitative 
data from the photoelectron spectrum are presented in table 6 .1.2.
(ii) SURFACE PRODUCED BY THE DEPTH PROFILING ETCHANT
o
A 1000A of material was removed from sample 15(191)512, composition 
factor x = 0.44, using the Van der Pauw etchant (See Section 4.1.3). 
Table 6.1.3 lists the photoelectron binding energies corresponding 
to peaks in the photoelectron spectrum from 0 to lOOOeV, after 15 
minutes exposure of the Van der Pauw etched surface to the laboratory 
ambient. Data are corrected for the carbon (Is) shift. Referring to 
table 6.1.3, photosignals originating from the mercury (4f), cadmium 
(3d) and tellurium.(3d) states of the primary elements were present 
in the photoelectron spectrum. Signals corresponding to the 
photoionized 15 states of oxygen and carbon resulted from surface 
contamination by these elements. No signal from the photoionized 
bromine Sp^^ state was discernable above the background noise level
in the photoelectron spectrum at 181.5eV, indicating there was no 
contamination of the surface from the etch solution.
The displacements of the binding energies of the photoelectrons 
from the ionization potential of the corresponding electron subshell 
in the pure element are also listed in table 6.1.3. Photosignals 
corresponding to the photoionized 4f state of mercury atoms, 3d state 
of cadmium atoms and the low energy doublet, located at 574.6eV and 
585.OeV, of the tellurium 3d state are displaced by less than +1.4eV. 
Such displacements are too small to constitute a chemical shift.
In contrast, photosignal originating from the photoionized Is state 
of oxygen at 532.5eV was displaced by -1.9eV, and the tellurium 
3d5^  state at 578.OeV by +3.5eV on the binding energy scale. The 
displacement of these photosignals therefore represent chemical 
shifts for these elements.
A quantitative XPS analysis of the Van der Pauw etched surface, 
normalized to the relative percentages of primary element atoms, is 
listed in table 6.1.4. Further quantitative data was obtained from 
the specimen after the esqperiments reported in Section 6 .1.2. Therein 
5000? of material was removed in the Van der Pauw etchant and the 
sample renalysed by XPS. The quantitative data are compared to the 
previous analysis in table 7.1.2. Photoele ctron binding energies 
were within + 0.5eV of the data reported in table 6.1.3.
6.1.2 NATIVE OXIDES ON CMT
The surfaces of the bromine-methanol etched samples after 6 months 
exposure to the laboratory ambient were analysed by XPS.
(i) REFERENCE SAMPLE
Figure 6.1.3 is the wide scan photoelectron spectrum from sample 
1465/54. Photosignals from all the primary elements are identified, 
in the figure. Two doublets are associated with the photoionized 
(3d) state of tellurium atoms, a low energy doublet at 573.6eV and 
584.4eV and a high energy doublet at 577.4eV and 587.8eV. Photo­
signals are also present from oxygen and carbon as a surface
contain! nent. The photosignal at 761.5eV corresponds to the 
photoionized 45 state of gold plating the sample holder. The 
carbon (Is) photosignal was displaced by +1.65eV from the subshell 
ionization potential in the pure element. This relatively large 
shift is believed to result from a semi-insulating layer covering 
the sample, which prevents compensation of the charge associated 
with photoexcited atoms by the earth current.
Photosignals from the photoionized mercury (4f), cadmium (3d)and tellurium 
(3d) states are shown at greater resolution on the binding energy scale 
in the angularly resolved narrow scans, taken at 15°, 45° and 75°, 
displayed in Figures 6.1.4-6.1.6. All photosignals have narrow 
basewidths «4eV), and are virtually symmetrical, except for features 
resulting from occasional digitization errors by the spectrometer 
data acquisition unit.The peak profiles indicate all the primary 
elements have a well defined atomic co-ordination in the oxidized 
surface.
The core electron binding energies corresponding to the photosignal 
peaks in the angularly resolved XPS narrow scan spectra are listed, 
together with the displacements from their subshell ionization 
potentials in the pure element in tables 6.1.5-6.1.7. The mercury 
(4f)and cadmium (3d) doublets are displaced by approximately + 2.5 - 
3eV and + 1.5eV respectively, which correspond to chemical shifts of 
approximately + 1.5eV and + leV relative to the core electron binding 
energies in the freshly etched surface (see table 6.1.1). No change 
has occurred in the position of the low and high energy tellurium (3d) 
doublets on the binding energy scale relative to the freshly etched 
surface. Therefore, these signals correspond to the same chemical 
states of tellurium atoms. The binding energies corresponding to 
photosignals from the primary elements are independent of the angle 
of analysis, suggesting each element has a specific atomic co-ordination 
in the surface. Angularly resolved quantitative XPS data are presented 
in table 6.1.8.
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(ii) "Van der Pauw" Sample
The photoelectron spectrum from 0 to lOOOeV for sample 15(191)
512 was determined by XPS. Photosignals were present from the 
primary elements and Is states of carbon and oxygen. Table 6.1.9 
lists the displacements of the core electron binding energies of 
the primary elements from the corresponding electron subshell 
ionization potential in the pure element. The mercury (4f) and 
cadmium (3d) photosignals are displaced by less thatn + leV and 
therefore do not constitute chemical shifts. Two photosignals 
originated from the photoionized 3d state of tellurium, a low 
energy doublet displaced by + 0.4eV and a high energy doublet 
displaced by + 3.1 eV, the latter signal constituting a chemical 
shift. A quantitative XPS analysis of the exposed surface of 
sample 15 (191) S12, normalized to the surface percent of the primary 
elements is listed in table 6.1.10.
6.1.3 ANODIC OXIDE ON CMT
Figure 6.1.7 shows the photoelectron spectrum from 0-lOOOeV for a 20V 
anodic oxide (See Section 4.1.3) formed on the oxidized reference 
sample (B1465/54). Photosignals originating from the mercury (4f)> 
cadmium (3d) and tellurium (3d) states of the primary elements and the 
oxygen (Is) state are identified in the spectrum. The gold (4f) 
signal originates from the sample holder, the carbon (Is) photosignal from 
surface contamination. The carbon (Is) core electron binding energy was 
displaced by + 2.1eV relative to the subshell ionization potential in the 
pure element, indicating the anodic oxide has a low electrical conductivity*
Angularly resolved XPS narrow scans of the mercury (4f), cadmium (3d), 
tellurium (3d) and oxygen (Is) photosignals are shown in Figures 6.1.8 - 
6.1.11 respectively. The well defined, symmetrical peaks of the mercury 
(4f) and tellurium (3d) doublets have basewidths less than 4eV, indicating 
these elements have a specific atomic co-ordination in the anodic oxide.
In contrast, the oxygen (Is) photosignal has a broad base width of 
approximately 8eV, indicating multiple atomic co-ordination of this 
element. The form of the peak profile suggests the oxygen (Is) photosignal 
is a dual peak composite, the angular variance of the peak profile 
reflecting the relative intensities of the component signals.
The core electron binding energies and their displacements from the 
subshell ionization'potential in the pure element.for the photoionized 
mercury • (4f), cadmium (3d) and.tellurium (3d) states are listed in 
tables 6.1.11 to 6.1.13 as a function of the angle of XPS analysis.
The cadmium. (3d) photosignal has a relatively low intensity in the 
photoelectron spectrum, Figure 6.1.7, which prevented an accurate 
determination of the core electron binding energy. The positive 
displacements of the mercury (4f) and tellurium (3d) photosignals 
on the binding energy scale incorporate chemical shifts in excess of 
+leV after allowance for a nominal displace of _+ 0.5eV to account 
for the line width of the x-ray source. The positions of the 
photosignals originating from photoionized mercury (4f) and tellurium 
(3d) states are independent of the angle of analysis. This result 
further indicates that these elements have a specific atomic co-ordination 
in the anodic oxide. Angularly resolved quantitative XPS data, 
normalized to the percentage of primary elements and oxygen in the 
surface of the anodic oxide are listed in table 6.1.14.
•6.3..4 SURFACE UNDERLYING THE ANODIC OXIDE
The surface underlying the anodic oxide on the reference sample 
(B1465/54) was exposed by dissolution of the oxide in 20% v/v formic 
acid*. Figure 6.1.12 is the photoelectron spectrum from 0-lOOOeV from 
the sample, exposed for 15 minutes to the laboratory ambient. The 
spectrum is comprised of photosignals from the primary elements and 
oxygen, the photoionized core-electron .states corresponding to the 
photosignals are idenitified in Figure 6.1.12. The cadmium (3d) 
photosignal, expected at 400-420eV on the binding energy scale in 
Figure 6.1.12, is of low intensity, the signal barely discernable above 
the background noise of the photoelectron spectrum. Photosignal 
corresponding to the carbon (Is) state arises from .surface contamination. 
The carbon (Is) shift of + 3.2eV in the photoelectron spectrum was 
large relative to that observed in previous experiments. Peak b in 
Figure 6.1.12 results from the photoionized 4F state of gold coating 
the sample holder.
* Formic.acid has been determined to have no etching effect on CMT.
Figure 6.1.13 shows XPS narrow scans from the.reference sample. 
Photosignals corresponding to the photoionized mercury • (4f) and 
tellurium (3d) states are symmetrical.peaks with basewidths less 
than 3eV, indicating these elements have a well defined atomic 
co-ordination in the surface structure. In contrast, the oxygen (Is) 
photosignal has a broad.basewidth of approximately 6eV.
Core electron binding energies and their displacements from the 
subshell.ionization potential.in the pure element are listed in 
table 6.1.15. The cadmium and tellurium 3d photosignals are displaced 
by less than leV from their reference ionization potentials. These 
displacements are accounted for by the line width of the x-ray source.
The doublet corresponding to the photoionized mercury (4f) state is 
displaced by +2.3eV on the core electron binding energy scale, 
representing a chemical shift. A quantitative XPS analysis of this 
surface is presented in table 6.1.16.
Tables 6.1.17 to 6.1.20 summarize angularly resolved XPS data from the
photoelectron spectrum over 0 to lOOOeV, after exposure of the sample
—8 —7
to the spectrometer vacuum (10 -10 torr) for lU-hours. The carbon
(Is) core electron binding energy was equal to the subshell ionization
potential in the pure element. The core electron binding energies
corresponding to photoionized mercury an<^  tellurium (3d) states
are independent of the angle of analysis, indicating each element has
a specific atomic co-ordination in the surface structure. This was
confirmed by the narrow basewidths of the photoelectron peaks (< 4eV)
Table 6.1.20 shows the photosignal peak profile -from the photoionized
oxygen (Is) state is a function of the angle of analysis. Its basewidth
o obroadens from 6eV at 30 to lOeV at 75 . This feature may be associated 
with changes in the composition of the surface over the depth of 
analysis, indicated by the angular variation of the surface composition, 
in particular, its oxygen and tellurium content, as shown in table 6.1.21.
Tables 6.1.22 and 6.1.23 show a comparison of qualitative and 
quantitative XPS data (45° angle of analysis) before and after the 
anomalous carbon (Is) shift. There is no difference between these 
data within the limits of experimental error, confirming the value of 
the carbon (Is) photosignal as a reference comparator.
6.2 RESISTIVITY AND HALL EFFECT MEASUREMENTS
6.2.1 CHARACTERIZATION OF n- and p- TYPE MATERIAL
(i) p-type CMT
Figures 6.2.1 to 6.2.3 show the 'temperature dependence of the 
sheet resistivity, Sheet Hall coefficient and sheet Hall mobility 
between 84K and 293K for sample B1059/24, composition factor x = 0.3- 
(see table 4.1.1). Figure 6.2.1 shows the sheet resistivity
__ — i -i
increases linearly from 60-a. □  to 80 -/n- □  over the temperature
interval 84K to 160K. Thereafter, the sheet resistivity decreases
-1
rapidly with increasing temperature, falling to 5.5_n_D at 293K.
\
Three regions can be identified in the temperature dependence of the
sheet Hall coefficient, Figure 6.2.2. Below 167K the Hall coefficient
has a positive sign indicating holes are the majority carrier. The
sheet Hall coefficient is independent of temperature below 125K,
16corresponding to a region of carrier exhaustion, with 2.5 x 10 
fully ionized acceptors per cm3. This region is superceded by an 
inflexion in the curve, the Hall coefficient changing sign at r2rl67K. 
Thereafter, the Hall coefficient exhibits a strong temperature 
dependence, decreasing with increasing temperature above a maximum 
value at 220K.
The temperature dependence of the Sheet Hall mobility is shown in
Figure 6.2.3. The influence of the temperature dependence of the
sheet Hall coefficient on this parameter is evident from the features
of the curve, noting u = R / ^  . At temperatures below 125K,
HS HS s
the sheet Hall mobility is weakly dependent upon temperature, and has 
values close to 2 x 102 cm2/VS. With increasing temperature a point 
of inflexion occurs in the curve at 167K, corresponding to that observed 
for the Hall coefficient. This region is superceded by a rapid increase 
in mobility rising by several orders of magnitude with increasing 
temperature to 7.5 x 103 cm2/VS at 293k. Data at 84K from Figures 6.2.1-
6.2.3 is summarized in table 6.2.1.
An analysis of the measurement voltages is given in table 6.2.2. In 
particular^ it is noteworthy that although the mean error through the 
residue in standing potential between the Hall contacts is reduced 
at liquid nitrogen temperature (table 6.2.2. (a)), if the correction 
procedure described in section 5.3*2. is not applied the error through 
the residual voltage between the Hall contacts can amount to +66% 
(Table 6.2.2(b) columns (2) and (3)). This data in conjunction with 
the Formulae in table 5.2.1 give the worst case errors:
TABLE 6.2.3 84K
PARAMETER % ERROR
*s ±  6
^ S + 9
m hs + 15
The error associated with the change in temperature occurring during a
Van der Pauw measurement, indicated in Figure 4.5.4, represents a
/
graded horizontal shift of a parameters temperature profile. In the
plateau regions of a profile (corresponding to carrier exhaustion)
this error is effectively eliminated through the zero gradient of
the profile. At higher temperatures the effect was negligible 
(See Figure 4.5.4).
(ii) n-TYPE CMT
14 + -2Sample B1059/24 (see table 4.1.1) was implanted with 5 x 10 B cm 
at 120keV, underthe conditions listed in table 4.2.1. Figures 6.2.4 
to 6.2.6 show the temperature dependence of the sheet resistivity, 
sheet Hall mobility and sheet Hall coefficient between 84K and room 
temperature measured on the implanted layer. The measurement errors 
at 84K are included in Figure 6.2.6. Table 6.2.4 summarizes the sheet 
resistivity, sheet mobility and sheet carrier concentration at 84K.
Two regions can.be identified in the temperature dependence of the 
sheet resistivity between '84K and 293K shown in Figure 6.2.4. Between 
84K and 150K the sheet resistivity is weakly dependent upon temperature, 
increasing from approximately 9 _n_ [HI * to 10 -A. CD * at 120K. The 
sheet resistivity decreases rapidly with temperature above 150K, to a 
value of 2.5—a> LD at 293K.
Figure 6.2.5 shows the sheet Hall mobility as a function of temperature„
The mobility ranges from 3.5 x 102cm2/VS at 84K to 4.7 x 103cm2/VS at
293K, indicating the conductivity is dominated by electrons rather than 
heavy holes (See Section 2-6). The minima occuring at 200K and increase 
in mobility at higher temperatures are anomalous features in the temperature 
dependence of the electronic mobility (See Figure 2.6.1) which cannot be 
explained by the temperature dependence of the scattering mechanisms
known to operate in CMT (See Section 2.6).
i
i1
The Hall coefficient measured for the boron implanted layer on sample 
B1059/24 was negative from 84K to room temperature, indicating electrons 
are the majority carrier. Figure 6.2.6 shows the temperature 
dependence of the sheet Hall coefficient. The sheet Hall coefficient 
was almost invariant with temperature below 110K indicating the donor 
centres are fully ionized at these temperatures. At temperatures above 
110K the Hall coefficient decreases. An anomalous peak occurs over the 
temperature interval 200-250K, corresponding to the minimum-in the Hall 
mobility in Figure 6.2.5. This feature cannot be explained by any 
known electrically active centre in CMT (See Section 2.7).
Differential Van der Pauw measurements were made on boron implanted 
sample B1059/24 to determine the concentration profile of the implant 
induced.donor-like centres. Fluctuating voltages measured across the 
Van der Pauw contacts prevented accurate measurements. However, the 
polarity of tha Hall voltage changed after 0.5fiM of material was 
removed from the layer, indicating the depth of n-type conversion.
The instability of the measurements was ascribed to non-planar 
etching of the sample and undercutting of the contacts by the Van 
der Pauw etch.
6.2.2 DUAL B+ IMPLANTED LAYER
Samples from a p-type wafer B1762/45, composition factor x = 0.2
14 + -2(see table 4.1.1) were implanted with 5 x 10 B cm at lOOkeV and 
50keV under the conditions listed in table 4.2.1. The samples 
are identified in table 6.2.5 with details of any post-implant 
thermal anneal and their applications.
TABLE 6.2.5
Implanted
Sample
Annealing
Schedule*
.APPLICATION
V . d .Pauw .Measurements Photodiodes
B1762/45/1 2
B1762/45/2 No anneal ✓
B1762/45/3 No anneal v'
B1762/45/4 o y
B1762/45/5 1 y
* See section 4.1.4 : 1 — 235 C/10 Mins, 2 — 200 C/10 mins
(i) AS-IMPLANTED LAYER
Figures 6.2.7-9 show the temperature dependence of the sheet Hall
co-efficient, sheet resistivity and sheet mobility between 84K and
293K for the whole type converted layer on sample B1762/45/2. The
sign of the sheet Hall coefficient was negative throughout the
measurements shown in Figure 6.2.7. The sheet Hall coefficient is
temperature dependentyalthough this dependence is small relative to
that observed on p-type samples (see Figure 6.2/2.). The sheet Hall
4 2 —1coefficient varying between 2—2.6 x 10 cm c over the temperature 
interval 84-293K. . The peak located between 200K and 293K in the 
temperature dependence of the sheet Hall coefficient results from 
effects due to incomplete electrical isolation of the type converted 
layer from the p—type substrate.
Figure 6.2.8 shows the sheet resistivity of sample B1762/45/2
was independent of temperature below 110K. Above 200K the sheet
“1 n  —1resistivity falls rapidly from 8.4^-l_D to 5.2 LJ at 293K.
A sheet Hall mobility of 3 x l03cm2/VS was measured on sample B1762/45/2 
at 84K, Figure 6.2.9. The increase in mobility at temperatures 
above approximately 167K is an anomalous feature, which was not 
expected from data reported in the literature (see Section 2.6).
Figure 6.2.10 shows the sheet resistivity and Hall coefficient at
84K as material was successively removed from the type converted
layer. A p-type Hall coefficient was measured after 7000 + 1400A
of material was etched from the layer, indicating the depth of
donor-like implant induced electrical activity. A correspondingly
rapid increase in the resistivity of the sample ,occurs at this
16 —3depth. The carrier concentration of 5.6 x 10 holes cm and 
mobility of 4.7 x 102 cm2/VS measured after 700o£ of material was 
removed from sample B1762/45/2 are in reasonable agreement with1 the 
data listed in table 4.1.1.
As a consequence of current shunting through the substrate (see 
Section 7.2.2), the Van der Pauw data will depend in an unspecified 
manner on the properties of both the type converted layer and the 
p-type substrate. Consequently, an unspecified -error exists in the 
quantitative data reported in Figures 6.2.7 - 6.2.10 for sample 
B1762/45/2.
(ii) THERMALLY ANNEALED LAYER
Figure 6.2.11 shows the sheet Hall coefficient as a function of 
temperature between 80K and 293K for sample B1762/45/1. The sheet 
Hall coefficient was negative throughout these measurements. This 
parameter was independent of temperature below 95K, indicating a 
region of donor exhaustion (fully ionized centres). At higher 
temperatures, the downward curvature of the profile is indicative 
of current shunting by the p-type substrate (See Section 7.2.2 (i)) .
From the data at 80K, the sheet electron concentration of the post­
implant annealed layer was calculated to be equivalent to 21% of the 
implanted dose of boron ions (assuming the donor is monovalent).
Figures 6.2.12 and 6.2.13 show the temperature dependence of 
the sheet resistivity and sheet Hall mobility between 80K and 
293K for sample B1762/45/1. In common with the sheet Hall 
coefficient, these parameters were independent of temperature 
below 95K. The increase in sheet resistivity with rising temperature 
in Figure 6.2.12 confirms the influence of current shunting by the 
p-type substrate on the Van der Pauw measurements at temperatures 
above 95K. The sheet electron mobility in the post-implant annealed 
layer was 7 x 1(? cm“/VS at 80K (Figure 6.2.13). Table 6.2.6 lists 
the errors in the sheet electrical parameters at 80K.
Figure 6.2.14 shows the dependence of the sheet Hall coefficient 
at 80.5K on magnetic induction and applied measurement current 
for sample B1762/45/1. The sheet Hall coefficient increases almost 
linearly with magnetic field strength, increasing by a factor of 
2.25 at 6KG from its low field value at 1KG. The sheet Hall
|; coefficient was independent of the applied measurement current.
i !'| :
i Figures 6.2.15 and 6.2.16 show depth profiles of the concentration 
of electrically active centres and electron mobility for sample 
B1762/45/1. Data points are average values in each incremental 
layer etched from the type converted layer, calculated from 
sets of five measurements of the sheet resistivity and 5KG Hall 
coefficient at 84K (See Section 5.2.4). The statistical error 
represents the range of calculated values about each data point.
The error resulting from the substrate leakage current was estimated 
from the maximum deviation of data from measurements about a small 
temperature interval in the carrier exhaustion region, from their 
values at 84K. Accordingly, data at 92K and 79K were compared to 
the average value at 84K. An error of less than + 20% on the depth 
scale is associated with each point through the etch step error (see 
Section 4.1.3(ii)).* The true error on the depth scale will, however, 
be less than the total cumulative error. The concentration profile 
of implanted boron atoms shown in Figure 6.2.15 was calculated using 
range data published by Ryssel et al (30, Figure 3.3.2).
The depth profile of the concentration of donor-like centres 
in sample B1762/45/1 shown in Figure 6.2.15 is characterized 
by a surface peak contained within tie envelope describing
the distribution of implanted boron atoms. A maximum
18 “3 o
concentration of 8 x 10 centres cm located at 4000A below
the implanted surface. Beyond the depth profile of implanted
atoms the distribution of donor-like centres extends as a long
tail of shallow gradient, characterized by concentrations of 
16 -3
2-6 x 10 centres cm . After etching 4jim from the implanted
layer, the current-voltage characteristics between Van der Pauw
contacts had a slight curvature. Subsequently, another ljum of
material was removed from the sample and new contacts applied to
the sample. A p-type Hall coefficient was measured, its magnitude
16corresponding to an average substrate carrier density of 1.1 x 10
-3 2 2cm and mobility of 6.1 x 10 cm /VS. Donor -like activity therefore
extended about 4„5pm into a post-implant annealed sample B1761/45/1 
Figure 6.2.27 shows a rectifying current-voltage characteristic, 
measured between an original Van der Pauw contact and a gold 
contact on a fragment of the Van der Pauw sample at 77K, confirming 
p-n junction isolation of the implanted layer.
Figure 6.2.16 shows the Hall mobility as a function of depth for
the type converted layer on sample B1762/45/1. Hall mobilities
4
of 3 x 103cm2/VS to 1 x 10 cm2/VS were measured at 84K within the 
implanted region of sample B1762/45/1, Figure 6.2.16. The mobility 
was independent of depth at etch depths exceeding 1.8/im corresponding 
to the low carrier concentration tail of the distribution of donor­
like centres.
Figure 6.2.17 illustrates the sheet Hall coefficient at 80.5K 
normalized to its low field value (magnitude at 1KG) at 1 to 6 KG 
after removal of 0.2jum and 3jim of material from sample B1762/45/1.
The sheet Hall coefficient is dependent upon the magnetic induction 
when measured on a layer containing an inhomogeneous distribution 
of donor-like centres, corresponding to 0.2jim of material removed 
from the layer. The sheet Hall coefficient is independent of 
magnetic induction for measurements on a layer containing a 
homogeneous distribution of electrically active centres, corresponding 
to 3.0jum removed from the layer.
6.2.3 LOW DOSE BORON IMPLANTED LAYER
Samples, from a p-type wafer, B1981/102, composition factor x = 0.2
14 + -2(see table 4.1.1) were implanted with 1 x 10 B cm at 150 keV 
under the conditions listed in table 4.2.1. The applications of 
these samples are identified in table 6.2.7, together with details 
of post-implant thermal anneals:
TABLE 6.2.7
Sample Annealing
Schedule*
i
Application
Bl981/102/p No Anneal V.d. Pauw measurements
i i
Bl981/102/£ 1 (235°C/10 mins)
1 1!
II II |
. j ;
P-type control 1 (235°C/lO mins) II II
* See Section 4.1.4
(i) AS IMPLANTED LAYER
Figure 6.2.18 shows the concentration of donor-like .centres as a function
of depth in sample B1981/l02/p> . At depths less than 1.2]JM, data
points represent the average carrier concentration in incremental layers 
o
1000 +_ 200 A thick, each point determined from sets of five differential 
Van der Pauw measurements at 84K, using an applied measurement current 
of 400JJA and magnetic field strength of 5KG. The concentration profile 
of implanted boron atoms was calculated using range data published by 
Ryssel et al (30, Figure 3.3.2). The concentration profile of donor-like 
centres is characterized by a surface peak within the implanted region, 
0.4jim below the surface. Beyond 1.2jmn the concentration profile of 
donor-like centres extends as a long tail of shallow gradient, several 
microns into the substrate. Voltages between the Van der Pauw contacts 
became noisy after 4+ 0.7jim was etched from the type converted region. \
The polarity of the Hall field was reversed.at an etch, depth 
of 5 + 0.9jim, indicating donor-like'activity extended 4-5jim 
below the implanted surface. An unknown error in the data 
exists on the ordinate of Figure 6.2.18, through the presence 
of a substrate leakage current.
Figures 6.2.19 - 6.2.21 show the sheet Hall coefficient, sheet 
resistivity and sheet Hall mobility as a function of temperature 
and thickness removed from the type converted layer on sample B1981/
102/|£ . At etch depths great than 800o£, the temperature
dependence of all three parameters is independent of the thickness 
of the type converted layer. Correspondingly, the temperature 
dependence of the sheet Hall coefficient at temperatures below 150K, 
in the expected region of carrier exhaustion, confirms the Van der 
Pauw measurements were strongly influenced by substrate leakage currents-
Figure 6.2.22 presents the sheet Hall Coefficient at 82K as a function
of magnetic field strength for sample Bl981/102/p as the type converted
layer was successively thinned. The Hall coefficient is a function of
the applied magnetic field^increasing with magnetic field strength up
o
to a cumulative etch depth of 6000A- At greater etch depths the 
dependence of the sheet Hall coefficient on magnetic field strength is 
reversed and independent of the thickness of the type converted layer.
(ii) THERMALLY ANNEALED LAYER
Figure 6.2.23 shows depth profiles of the concentration of donor-like
centres, resistivity and Hall mobility for sample B1981/102/^ .
Data points represent the average values of these parameters at 82K,
in incremental layers of thickness 1000+ 20o£. Voltages measured
o
on the Van der Pauw sample were unstable after more than 4000A of
material was etched from the type converted region. At a cumulative
etch depth of 700o£, the sign of the Hall coefficient was dependent
upon the strength of the magnetic field, Figure 6.2.24. Negative
values were obtained for fields less than 3KG, positive values at
greater fields. This data indicates the presence of a thin n-type
layer, whose Hall Field is shorted out at fields greater than 3KG
by the p-type Hall Field, which must result from a substrate leakage
o
current. After a further 1000A of material was removed, the sheet
- 127 -
Hall coefficient was positive for fields of 1-6KG. Post-implant 
annealed donor-like activity in sample B1981/102/5, was 
therefore contained within a layer 800CR 1600 A thick. The 
presence of a substrate leakage current introduced an unknown 
error into the quantitative data shown in Figure 6.2.23.
Figure 6.2.25 shows further evidence for the presence of a 
substrate leakage current in the Van der Pauw measurements on 
sample Bl981/102/£, through the anomalous peak at approximately 
210K in the temperature dependance of the sheet Hall coefficient. 
Furthermore, the sheet mobility at 84K as a function of layer 
thickness shown in Figure 6.2.26 are indicative of hole, rather 
than electronic conduction (See Section 2.6). The dependence 
of the sheet resistivity and sheet Hall coefficient on the applied 
measurement current, tables 6.2.8 - 6.2.10, and the independence 
of the sheet resistivity at 84K on the thickness of the type 
converted layer, table 6.2.11, confirm the presence of a substrate 
leakage current.
Optical microscopy of sample B1981/102/£ revealed no degradation
of the polished surface finish. However, at an etch depth of 
o
1000A, circular pits, 0.1 - 0.2mm diameter, were observed. After
o
removal of a further 1000A of material only a few pits were 
visible. At an etch depth of 3000A no pits were observed, although 
circular stains corresponding to the pit positions were visible. No 
pitting or staining was observed at greater etch depths. Internal 
thermal degradation of the sample had therefore occurred in the 
region corresponding to the post-implant annealed donor-like 
activity.
N-p mesa diode structures were fabricated from Van der Pauw 
samples Bl981/102/j3 and £  through the addition of an evaporated 
gold common contact to the p-type substrate. Current-voltage 
characteristics between the Van der Pauw and common contacts at 
77K were linear and reversible, passing through the origin at zero 
bias, their slopes corresponding to resistances of 5-15 -A— .
Similar results were obtained after light etching in bromine-methanol.
It was concluded that neither the as-implanted or post-implant 
annealed type converted layers on samples B1981/102/and
respectively were isolated by a p-n junction from the underlying p-type 
substrate.
The hole concentration in an annealed p-type control sample
(table 6.2.7) was reduced by 23% from the data presented in
o
table 4.1.1. Post-implant thermal annealing at 235 c for lO 
minutes therefore has a negligible effect on the electrical 
characteristics of p-type CMT substrates.
6.3 CHARACTERIZATION OF CMT PHOTODIODES
6.3.1 Ar+ IMPLANTED SHORT WAVELENGTH PHOTODIODE
Plate 6.3.1 is a scanning electron micrograph of a photodiode
fabricated by the Surrey Mesa process (See Section 4.1.7)
From a p-type wafer, B1040/21, composition factor x = 0.36
14 + -2(see table 4.1.1), implanted with 1 x 10 Ar cm at 300 keV 
(see table 4.2.1). The physical dimensions of the device 
are shown in plate 6.3.1. Figure 6.3.1 shows the rectifying 
current-voltage characteristics of the Unpassivated p-n junction 
at 77K. The zero bias dynamic resistance (Rq) of the junction 
was 800-A. +_ 10% at 77K. Photosensitivity of the diode was 
demonstrated through the relative displacement of the diode 
reverse current characteristic from that due to the room 
temperature thermal background, upon exposure to thermal 
radiation from a soldering iron at 573K, the displacement 
corresponding to an increase of 0.3mA in the diode photocurrent. 
Figure 6.3.2 shows the photodiode spectral response at 77K, 
the 50% long wavelength cut-off limit located at 2.5jim.
Figure 6.3.3 shows the relative photoresponse generated over 
the area of the device by a He-Ne laser spot scan (see Section
4.5.2). Only irregular shaped regions of the device were 
photosensitive, the total optical area of the device was 4.7x10 
Table 6.3.1 lists the RQAj product at 77K and the 500K blackbody 
responsivity and dee-star (D*) for the device, operating at 77K 
and zero bias in a 2jf field of view.
: 2 
cm .
6.3.2 B+ IMPLANTED LONG WAVELENGTH PHOTODIODES
Unpassivated p-n junction photodiodes were fabricated (see
table 4.1.8) from wafer B1762/45, composition factor x = 0.2
14 + — 2(see table 4.1.1), implanted with 5 x 10 B cm at lOOkeV and 
50keV (see table 4.2.1). Table 6.2.5 indentifies Mesa diodes 
fabricated in as-implanted and post-implant annealed substrates.
Figure 6.3.4 shows an optical micrograph of mesa structures 
on a CMT chip.
Figure 6.3.5 illustrates current-voltage (I-V) characteristics
at 77K of devices, representative of those from each chip of
material (see table 6.2.5). A photoresponse was shown by all
devices upon exposure to a hot soldering iron, confirming p-n junctions
were formed in as-implanted and post-implant annealed material.
Poor rectifying I-V characteristics were exhibited by diodes formed
from as-implanted material, as shown by the I-V characteristic
of device B1762/45/3. The lowest leakage current in reverse
bias and the maximum zero bias dynamic resistance, R (see table
0,
6.3.2) was exhibited by devices fabricated from material post-
o
implant annealed at 235 C for 10 minutes. As shown by the I-V 
characteristic of device B1762/45/5, which had a zero bias 
dynamic resistance of lhri\.at 77K. The zero bias dynamic 
resistance varied by less than + 10% for devices from each 
CMT chip. The diode forward current characteristics, Figure 
6.3.5, indicate series resistance of less than 100-/t were 
associated with these devices.
Figures 6.3.6 and 6.3.7 show plots of the reciprocal square of
the device capacitance (1/C2) as a function of reverse bias (V )
, R
and depth profiles of the ionized acceptor density behind the
p-n junction for devices B1762/45/4 and 5 respectively. The constant
gradient of the 1/C2 (V ) plots indicate both junctions are abrupt.
R
Table 6.3.3 lists the average density of ionized acceptors and 77K
band gap derived from the 1/C2 (V ) plot. The measured band gap was
R
a factor of two greater than expected from the CMT composition.
Whilst mounting the devices in optical cryostats the products
of the photodiodes were degraded by baking the devices at 80 C for
2 hours in air. Table 6.3.4 lists the reduction factors in
•• - 0 J
product, which were reduced by 37.5% to 66.6%. Figure 6.3.8 shows
the normalized spectral response of device B1762/45/5 at 77K,
the 50% long wavelength cut-off limit occurring at 10.25p.m. Table
6.3.5 lists the 500K blackbody responsivity, dee-star (D*) and
quantum efficiency for devices operated under zero bias at 77K.
A maximum blackbody dee-star (500K, 500 Hz, 1) of 1.6 x 1010
—1cmHz W in a 2TJ field of view was measured for device B1762/45/5 
assuming the minimum detectable radiant power of the device was 
limited by the internal thermal (Johnson) noise of the detector.
The stability of boron implanted CMT photodiodes was assessed
through the effects of atmospheric exposure and thermal baking on
the R A product. The R A product of device B1762/45/5 (0.44_n_0 J 0 d
cm2 , 77k ) was unchanged after the p-n junction was exposed to the
laboratory ambient for one week. Figure 6.3.9 shows the I-V
characteristic of device B1762/45/5 after a light etch in bromine-
- 2
ethanediol. The etch improved the RcAj product to 1.2_n_cm
This device was subsequently passivated with sputtered 3ns,
2
which slightly degraded the RQA. product to 1-^ .cm . After 
baking at 70°C for 1 hr in air, a linear current-voltage 
characteristic was measured on this device. The rectifying 
current-voltage characteristic was not restored after 
removal of the 3n£ passivation in HCL Caq) and etching in 
bromine-methanol.
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45° XPS NARROW SCANS OF THE SURFACE 
UNDERLYING THE 20V ANODIC OXIDE ON 
THE REFERENCE SAMPLE
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BECEV3
CORE ELECTRON • IONIZATION BINDING B.E DISPLACEMENT PEAK
STATE . POTENTIAL(eV) ENERGY(eV) FROM REFERENCE(eV) WIDTH(eV)
(REFERENCE)
Hg(4f)5/2
Hg(4f^/2
102.2
98.5
104.2
100.2
+1.25
+0.95
3.0
3.0
Cd(3cl),
Cd(3d
410.5 411.8 +0.55 3.5
403.7 404.8 +0.35 3.0
0( Is) 532.0 532.3 -0.45 \ TOTAL
O+Te ft 530.6 -2.15 6.0
Te(3d)
MATRIX 3/2 582.5 583.77 +0.52 2.0
CO-ORDINATED 5/2 572.1 572.99 +0.14 2.0
TELLURIUM 3/2 582.5 586.88 +3.63 3.0
OXIDE 5/2 572.1 576.88 +4.03 —
* DATA CORRECTED FOR C(ls) SHIFT OF +0.75eV. \
Table 6.1.1 PHOTOELECTRON BINDING ENERGIES FOR THE
CHEMICALLY POLISHED REFERENCE SAMPLE.
CORE ELECTRON 
STATE
SURFACE
DATA
ATOMIC PERCENT 
NORMALISATIONS BULK PREDICTION
Hg(4f) 6.93 15.96 39.37 40
Cd(3d) 1.68 3.87 9.54 10
Te(3d) LO 3.14 7.23 .17.84 50
Te-0 HI 5.85 13.47 33.24 -
TOTAL Te 8.99 20.7 51.08 -
O(ls) 25.82 59.46 - —
C( Is) 56.57 - - -
METAL TO NON-METAL PSEUDOBINARY
RATIO (Y) COMPOSITION (X)
0.96 0.19(5)
Table 6.1.2 QUANTITATIVE XPS DATA FOR THE CHEMICALLY 
POLISHED REFERENCE SAMPLE.
CORE ELECTRON 
STATE
IONISATION 
POTENTIAL (eV)
BINDING 
ENERGY(eV)
B.E
DISPLACEMENT
(eV)
HR(4f)7/2 98.5 102.0 + 1.1
H*<4f>5/2
102.2 106.0 +1.4
Cd(3d)5 ^2 403.7 406.9 +0.8
Cd(3d)3 /2 410.5 413.6 +0.7
0( Is) 532.0 532.5 -1.9
Br(3p>3/2 181.5 - -
Te(3d)5^2 572.1 LO 574.6 +0.1
Te(3d)3 ^2 582.5 LO 585.0 +0.1
Te(3d)5/f2 572.1 HI 578.0 +3.5
Te(3d)3^2 582.5 HI
DATA CORRECTED FOR +2.4eV C(lS) DISPLACEMENT.
Table 6.1.3 PHOTOELECTRON BINDING ENERGIES FOR THE 
Van der Pauw ETCHED SAMPLE.
X=0.44, 45° ANGLE OF ANALYSIS.
ELEMENT SURFACE ATOMIC PERCENT
ETCHED SURFACE BULK PREDICTION 
(Y=1,X=0.44)
Hg 23.3 28.0
Cd 12.8 22.0
Te(TOTAL) 63.9 50.0
RATIO
Cd/Hg 0.55 0.78
(Cd+Hg)/Te 0.56 1.00
TABLE 6.1.4 QUANTITATIVE XPS ANALYSIS OF 
Van der Pauw ETCHED SAMPLE.
(degrees) (eV) DATA (eV) (eV)
7/2 102.6 + 2.45 2.8
15
5/2 106.8 +2.95 2.8
7/2 102.4 +2.25. 2.9
30
5/2 106.4 +2.55 2.9
' 45
7/2 102.4 +2.25 2.9
5/2 106.8 +2‘.95 2.9
60
7/2 102.4 + 2,25 2.7
5/2 106.6 + 2.75 2.7
7/2 1; • 102.6 + 2.45 3.1
75
5/2 106.6 + 2.75 3.1
Table 6.1.5 ANGULARLY RESOLVED Hg(4f) PHOTOELECTRON
BINDING ENERGIES FOM THE OXIDIZED(NATIVE) 
REFERENCE SAMPLE.
ANGLE OF SUBSHELL .BINDING DISPLACEMENT PEAK
INCIDENCE I ENERGY FROM REFER­ WIDTH
(degrees) (eV) ENCE DATA(eV) (eV)
15
5/2 4o6.6 + 1.25 3.1
3/2 413.2 + 1.05 2.9
5/2 406.6 + 1.25 3.8
30
3/2 413.4 + 1.25 3.8
' 45
5/2 406.8 + 1.45 4.0
3/2 413.4 + 1.25 4.0
6o
5/2 406.8 + 1.45 3.36
3/2 413.6 + 1.45 ' 3.36
5/2 406.8 + 1.45 3.8
75
3/2 413.4 + 1.25 3.8
Table 6.1.6 ANGULARLY RESOLVED Cd(3d) PHOTOELECTRON
BINDING ENERGIES FROM THE OXIDIZED(NATIVE) 
REFERENCE SAMPLE.
*DATA CORRECTED FOR +1.65eV C(ls) SHIFT.
ANGLE OF ' 
INCIDENCE 
(degrees)
DOUBLET
ENERGY
SUBSHELL BINDING
ENERGY
(eV)
DISPLACEMENT 
FROM REFER­
ENCE DATA(eV)
PEAK
WIDTH
(eV)
15
LO
5/2 57^.2 +0.45 1.6
3/2 585.0 +0.85 1.6
HI
5/2 577.2 +3.45 3.0
3/2 587.6 +3.45 2.8
30
LO
5/2 573.6 -0.15 2.0
3/2 5Sk.O -0.15 2.0
HI
5/2 577.2 +3.45 3.0
3/2 587.6 +3.45 3.0
k5
LO
5/2 573.6 -0.15 2.4
3/2 58^.4 +0.25
1 2.4
HI
5/2 577. ^ +3.65 2.6
3/2 587.8 +3.65 2.6
LO
5/2 573.8 +0.05 1.8
3/2 58^.2 +0.05 1.8
60
HI
5/2 577.2 +3.45 2.8
3/2 587.6 +3.45 2.8
75
LO
5/2 573.8 +0.05 2.0
3/2 58^.0 -0.15 2.0
HI
5/2 577.k +3.65 2.8
3/2 587.6 +3.45 2.8
Table 6.1,7 ANGULARLY RESOLVED Te(3d) PHOTOELECTRON
BINDING ENERGIES FROM THE OXIDIZED(NATIVE) 
REFERENCE SAMPLE.
♦DATA CORRECTED FOR+l.65eV C(ls) SHIFT.
ANGLE
15°
ooK\ 45 0
0
75°
ELEMENT
Hg 10.48 11.68 14.65 18.26 16.87
Cd
50.59 45-58 41.56 36.96 41.8
Te LO 6.37 9.5 16.79 18.09 9.88
HI 32.47 35.23 27.5 26.68 31.36
TOTAL Te 38.84 42.73 44.29 44.77 41.24
SURFACE ATOMIC PERCENT
ANGLE 1 5 ° V>J 0
0
4 5 ° 60° 7 5 °
X 0 . 8 3 0 . 8 0 .7 4 0 . 6 7 0 . 7 1
y 1 . 5 7 1 . 3 4 1 . 2 7 1 . 2 3 1 . 4 2
X = Cd/(Cd+Hg) *o(ls)= 45.3 SURF.AT.%.
Y = metal-to-non-metal ratio.
Table 6.1.8 ANGULARLY RESOLVED QUANTITATIVE DATA
FOR OXIDIZED(NATIVE) REFERENCE SAMPLE, 
NORMALIZED TO THE PRIMARY ELEMENTS.
SURFACE BINDING ENERGY DISPLACEMENT FROM 
REFERENCE DATA(eV)*
Hg(4f)0 Cd(3d) Te(3d)'ave v 'ave v 'ave
LO HI
FRESHLY ETCHED 
X=0.2
+ 1.1 +0.45 +0.33 +3.83
EXPOSED 6 MON­
THS TO AMBIENT 
X=0.2
+2.6 +1.35 +0.05 +3.65
LONG TERM NAT­
IVE OXIDE 
X=0.44
+ 1.0 +0.5 +0.4 +3.1
FRESHLY ETCHED
SURFACE
X=0.44
+ 1.25 +0.75 +0.1 +-3.5
*DATA CORRECTED FOR C (Is) SHIFT,45° ANALYSIS ANGLE ♦
Table 6.1.9 PHOTOELECTRON BINDING ENERGIES OF NATIVE 
OXIDE ON Van der Pauw SAMPLE(X=0.44).
X=0.44,45° ANGLE OF ANALYSIS.
ELEMENT SURFACE ATOMIC PERCENT
EXPERIMENT
EXPOSED
SURFACE
FRESHLY ETCHED 
SURFACE
50008
REMOVED
BULK
PREDICTION
(Y=1,X=0.44)
Hg 28.1 23.3 22.5 28.0
Cd 12.2 12.8 18.1 22.0
Te(TOTAL) 59.6 63.9 58.4 50.0
RATIO
Cd/Hg 0.43 0.55 0.8 0.78
Cd+Hg)/Te 0.68 0.56 0.69 1.00
0(Is)=32.4%
Table 6.1.10 QUANTITATIVE XPS ANALYSIS OF NATIVE OXIDE 
ON ya» der Paiiw SAMPLE(X=0.44).
ANGLE
(degrees)
SUSSfiELL peak
POSITION
(eV)
DISPLACEMENT 
FROM REFER­
ENCE DATA(eV)
15
7/2 103.2 +2.6
5/2 107.4 +3.1
50
7/2 103.6 +3.0
5/2 107.6 +3.3
45
7/2 103.4 +2.8
5/2 107.4 +3.1 v
60
7/2 103.4 +2.8
5/2 107.4 +3.1
7/2 103.4 +2.8
75 5/2 107.6 +3.3
TABLE 6.1.11 ANGULARLY RESOLVED Hg(4£) PHOTOELECTRON 
BINDING ENERGY IN THE 20V ANODIC OXIDE.
ANGLE
(degrees)
SUBSEELL PEAK
POSITION
(eV)
DISPLACEMENT 
FROM REFER­
ENCE DATA(eV)
15
5/2 407.4 +1.6
5/2 413.6 +1.0
50
5/2 407.0 +1.2
5/2 413.8 + 1.2
45
5/2 406.8 + 1.0
5/2 413.8 +1.2
60
5/2 406.0 +0.2
5/2 413.0 +0.4
5/2 407.0 +1.2
75
5/2 413.6 + 1.0
♦DATA CORRECTED FOR +2.1eV C(ls) SHIFT.
Table 6.1.12 ANGULARLY RESOLVED Cd(3d) PHOTOELECTRON 
BINDING ENERGY IN THE 20V ANODIC OXIDE.
(eV) ENCE DATA(eV)
15
5/2 577.2 +3.0
• 3/2 587.6
0CO+
5/2 577.8 +3.6
30
3/2 588.2 +3.6
45
5/2 577.6 +3.4
3/2 588.0 +3.4
6o
5/2 577.4 +3.2
3/2
588.8 +4.2
5/2 577.6 +3.4
75
3/2 588.0 +3.4
*DATA CORRECTED FOR +2.1eV C(Ts) SHIFT.
Table 6,1.13 ANGULARLY RESOLVED Te( 3d) PHOTOELECTRON BINDING 
ENERGIES FROM 20V ANODIC OXIDE.
ELEMENT Hg Cd Te 0
ANGLE
15 15.8 2.2 13.7 68.3
30 19.0 2.8 17.9 60.3
45
22.3 3.5 19.4 54.8
49.34 7.74 42.92 —
60 16.7 *+.1 25.3 53.8
75 29.0 2.7 19.6 48.6
56.5 5.3 38.2 —
SURFACE ATOMIC PERCENT
BULK ESTIMATE 
Y * 1
Cd/Hg = 0.25 '
Table 6.1.14 QUANTITATIVE XPS 
OF 20V ANODIC OXIDE.
RATIO Hg+Cd
Te
Cd
Hg
Hg
Te
ANGLE ^ 0
1.31 0.14 1.15
0O
1.22 0.15 1.06.
45° 1.33 0.1,6 1.15
60° 0.82 0.25 0.66
75° 1.62 0.09 1.48
ELEMENT SUB­
SHELL
PEAK
POSITION
(eV)
DISPLACEMENT 
FROM REFER­
ENCE DATA(eV)
SURFACE
ATOMIC
PERCENT
COMMENT
Hg(4f)
7/2 103.8 +2.1 43.1 68.2 
(40)
3eV BASEWIDTH
5/2 108.0 +2.6
Cd(3d)
5/2 407.6 +0.7
2.7 4.3 
(10)
POOR RESOLUTION 
THROUGH LOW 
SIGNAL STRENGTH. 3/2 414.4 +0.7
Te(3d)
5/2 574.6 -0.7 17.4 27.5 
(50)
3eV BASEWIDTH
5/2 585.0 -0.7
0(ls) 555.0 -0.2 36.8 6eV BASEWIDTH
C(ls) 287.0 0 -
* DATA CORRECTED FOR +3.2eV C(ls) SHIFT.
Hg:Cd:Te 1:0.06:0.4
METAL TO 
NON-METAL 
RATIO (Y)
2.6 (1)
Cd/Hg 0.06 ( 0.23)
( ) = ESTIMATE FROM BULK DATAC
Table 6.1.15/16 45° XPS ANALYSIS OF SURFACE UNDERLYING
ANODIC OXIDE.
Hg(4f)
DETECTOR SUBSHELL BINDING DISPLACEMENT COMMENT
ANGLE ENERGY (eV) FROM REFER­
(degrees) ENCE DATA(eV)
oofA
7/2 100.8 +2.3 BASEWIDTH
5/2 1C*. 8 +2.6 2-3 eV
o
7/2 100.0 +1.5
45
5/2 1C*. 2 +2.0
it
■ nr-0
..7/2 100.2 +1.7
ii75
5/2 1C*. 4 +2.2
Table 6.1.17
Cd(3d)
DETECTOR
ANGLE
(degrees)
SUBSHELL BINDING 
ENERGY (eV)
DISPLACEMENT 
FROM REFER­
ENCE DATA(eV)
COMMENT
j
ooK\
5/2 405.6 +1.9 POOR RESOLUTION,
LOW SIGNAL 
STRENGTH3/2 412.4 +1.9
^5°
5/2 404.8 +1.1
it
3/2 411.6 +1.1
75°
5/2 405.0 +1.3 it
3/2 411.6 +1.1
Table 6.1.18 ANGULARLY RESOLVED PHOTOELECTRON BINDING
ENERGIES FROM THE SURFACE UNDERLYING THE
ANODIC OXIDE ON THE REFERENCE SAMPLE(X=0.
DETECTOR
ANGLE
(degrees)
SUBSHELL BINDING
ENERGY
(eV)
DISPLACEMENT 
FROM REFER­
ENCE DATA(eV)
COMMENT
V>J o
o
5/2 573.0 +0.9 BASEWIDTH
5/2 583.0 +0.5
3-4 eV
45°
5/2 572.0 -0.1
1
3/2 582.8 +0.3
75°
5/2 572.6 +0.5 11
3/2 583.0 +0.5
Table 6.1.19
0(ls)
DETECTOR
ANGLE
(degrees)
SUBSHELL BINDING
ENERGY
(eV)
DISPLACEMENT 
FROM REFER­
ENCE DATA(eV)
COMMENT
V>
J 0
0
1 / 2 5 3 2 .8 + 0 .8
SINGLE PEAK 
BASEWIDTH 5 - 6 eV
4 5 ° 1 / 2 5 3 2 .2 + 0 . 2
11
7 5 ° 1 / 2 5 3 2 .  A + 0 . 4
SHOULDERED PEAK 
BASEWIDTH lOeV
Table 6.1.20 ANGULARLY RESOLVED PHOTOELECTRON BINDING 
ENERGIES FROM THE SURFACE UNDER LYING THE 
ANODIC OXIDE ON THE REFERENCE SAMPLE(X=0.2)
ELEMENT Hg(4f) Cd(3d) Te(3d) O(ls)
ANGLE(°)
30 34.8 1.8 20.1 43.4
45
0COV 2.8 16.8 32.4
70 38.6 2.2 35.2 24.0
Table 6.1.21 ANGULARLY RESOLVED QUANTITATIVE XPS DATA 
FROM SURFACE UNDERLYING THE ANODIC OXIDE 
ON THE REFERENCE SAMPLE.
45° ANGULAR SCAN
PHOTOSIGNAL DISPLACEMENT OF BINDING ENERGY FROM
REFERENCE DATA(eV)
1st ANALYSIS 2nd ANALYSIS
Hg(4f) - 7/2 +2.1 +1.5
5/2 +2.6 +2.0
Cd(3d) 5/2 +0.7 + 1.1
3/2 +0.7 +1.1
Te(3d) 5/2 -0.7 -0.1
3/2 -0.7 +0.3
0( Is)
\
-0.2 +0.2
Table 6.1.22
45° ANGULAR SCAN
PHOTOSIGNAL SURFACE ATOMIC PERCENT
1st ANALYSIS 2nd ANALYSIS
Hg(4f) 43.1 48.0
Cd(3d) 2.7 2.8
Te(3d) 17.4 16.8
O(ls) 36.8 32.4
Table 6.1.23
Table 6.1.22/3 COMPARISON OF PHOTOELECTRON BINDING ENERGIES
AND XPS QUANTITATIVE ANALYSIS OF SURFACE 
UNDERLYING 20V ANODIC OXIDE ON REFERENCE 
SAMPLE(X=0.2) BEFORE AND AFTER 14hrs 
EXPOSURE TO A VACUUM.
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Figure 6.2.1 SHEET RESISTIVITY AS A FUNCTION OF
TEMPERATURE.P-TYPE CMT,COMPOSITION X=0.3 (B1059/2V).
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Figure 6.2.2 SHEET HALL COEFFICIENT -AS A  FUNCTION 
OF TEMPERATURE.P-TYPE CMT,COMPOSITION X= 0.3 (£1059/24).
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Figure 6.2.3 SHEET .HALL MOBILITY AS A FUNCTION OF
TEMPERATURE.P-TYPE CMT,COMPOSITION X=0.3(B1059/2^ ).
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Figure 6.2.4 SHEET RESISTIVITY AS A FUNCTION OF 
TEMPERATURE.BORON IMPLANTED P-TYPE CMT,COMPOSITION 
X = 0.3(£1059/2^ ).
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Figure 6.2.5 HALL MOBILITY AS A FUNCTION OF TEMPERATURE.
BORON IMPLANTED P-TYPE CMT, COMPOSITION X = 0.3(B1059/210.
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Figure 6*2*6 SHEET HALL COEFFICIENT AS A FUNCTION OF TEMP, 
BORON IMPLANTED P-TYPE CMT,COMPOSITION X = 0*3(B1059/2^ ).
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Figure 6.2.7 SHEET HALL COEFFICIENT AS A FUNCTION OF 
TEMPERATURE.AS IMPLANTED SAMPLE(B+).
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Figure 6.2.8 SHEET RESISTIVITY AS A FUNCTION OF TEMPERATURE.
AS IMPLANTED SAMPLE(B+).
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Figure 6.2.9 HALL MOBILITY AS A FUNCTION OF TEMPERATURE.
AS IMPLANTED SAMPLE(B+).
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Figure 6.2.10 SHEET RESISTIVITY AND HALL COEFFICIENT AS
A FUNCTION OF THICKNESS OF IMPLANTED LAYER.
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Figure 6.2.11 SHEET HALL COEFFICIENT AS A FUNCTION 
TEMPERATURE (WHOLE LAYER).
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Figure 6.2.12 SHEET RESISTIVITY 
(WHOLE LAYER).
i o 3
AS A FUNCTION OF TEMPERATURE
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Figure 6.2.13 HALL MOBILITY AS A FUNCTION OF TEMPERATURE
(WHOLE LAYER).
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Figure 6.2.14 HAT.T. EFFECT AS A FUNCTION OF MAGNETIC
INDUCTION AND MEASUREMENT CURRENT ON 
ANNEALED BORON IMPLANTED LAYER (B1762A5/1)
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Figure 6.2.15 DEPTH PROFILE OF THE ELECTRON DENSITY AND 
AND CALCULATED ATOMIC DISTRIBUTION OF IMPLANTED BORON. 
SAMPLE B1762A5/1,ANNEALED 200°C.
* based on data values at +8K and -5K about data point. 
** error in depth -20%.
*** data points are average values on both scales.
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Figure 6.2.16 ELECTRON HALL MOBILITY AS A FUNCTION OF 
DEPTH. (B1762A5/1, ANNEALED 200°C).
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Figure 6.2.17 SHEET HALL COEFFICIENT AS A FUNCTION
OF APPLIED MAGNETIC INDUCTION AND 
DEPTH (B1762/45/1).
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Figure 6.2.18 DEPTH. PROFILE OF DONOR-LIKE CENTRES
IN L.D.B IMPLANTED SAMPLE(B198l/l02/p).
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Figure 6.2.19 SHEET HALLCOEFFIClENT AS A FUNCTION OF +
TEMPERATURE AND DEPTH REMOVED FROM L.D.B
IMPLANTED LAYER(B198l/l02/p).
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Figure 6.2.20 SHEET RESISTIVITY AS A FUNCTION OF TEMPERATURE
AND DEPTH REMOVED FROM L.D.B IMPLANTED LAYER
(B198l/l02/p).
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Figure 6.2.21 SHEET HALL MOBILITY AS A FUNCTION OF TEMPERATURE
AND DEPTH REMOVED FROM L.D.B IMPLANTED LAYER
(B198l/l02/p).
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Figure 6.2.22 NORMALIZED SHEET HALL COEFFICIENT AT 82K AS 
A FUNCTION OF MAGNETIC FIELD AND DEPTH IN 
SAMPLE B198l/l02/p.
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Figure 6.2.23 DEPTH PROFILES OF CARRIER DENSITY,RESISTIVIJY 
AND MOBILITY IN POST-IMPLANT ANNEALED L.D.B 
(235°C) SAMPLE B198l/l02/£.
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Figure 6.2.24 NORMALIZED SHEET HALL COEFFICIENT AT 84K AS A + 
FUNCTION OF MAGNETIC FIELD STRENGTH FOR L.B.D 
SAMPLE B198l/l02/£.
SHEET HALL 
COEFFICENT 
(CM2/C)
300 250 200 150 100 80 T(K)
R„h n e g a t i v e u n l e s s s t a t e d
n o
OTHERWISE
5KG ,400/M A
10
2000
3000
+5.5*10'
4000
10 10 i/T12
Figure 6.2.25 SHEET HALL COEFFICIENT AT 84K AS A FUNCTION OF
TEMPERATURE AND DEPTH IN L.D.B SAMPLE B 198l / l 02/£-.
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Figure 6.2.26 SHEET HALL MOBILITY AT 84K AS A FUNCTION OF 
DEPTH IN POST-IMPLANT ANNEALED L.D.B SAMPLE 
B198l/l02/£.
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Figure 6.2.27 I-V CHARACTERISTIC BETWEEN Van der Pauw CONTACT
AND SUBSTRATE ON H.D.B SAMPLE B1762/45/1 AT 77K.
RESISTIVITY
(A-CM)
1.14
MOBILITY 2.1*102
CM2/VS
CARRIER 2.5*1016
CONCENTRATION
(CM”3)
Table 6.2.1 ELECTRONIC PROPERTIES OF P-TYPE 
WAFER B1059/24 AT 84K.
5KG. UOO/jifK
MEASUREMENT 1 lvhoI
(niV)
|vHl
(mV)
avho
TEMPERATURE VH
293.5K 0.033 0.815 - k.05%
83. 5K 0.007 0.260 i 2.69^
5KG,kOOJjSi COLUMN 1 COLUMN 2 COLUMN 3
MEASUREMENT 
TEMP.(K)
MEASUREMENT lVHMAxl lVHMIN I V -v 1flOMAX HOMIN
IvhminI iVH0MAxl |VH0MAX
293.5
1st 1.01 1.65 0.06
2nd 1.01 1.62 0.08
3rd 1.03 1.62 0.08
j
83.5 1st 1.52 0.03 0.02
2nd 1.59 0.03 0.02
3rd 1.60 0.03 0.02
Vth 1.55 0.03 0.02
MEASUREMENT MEASUREMENT VRl(I+) -VR2(I+)
TEMP.(K) 1
L H
1st 0.97 1.00
293.5 2nd 0.97 ' 1.00
3rd 0.99 1.00
1st 1.06 1.00
. 83.5
2nd : 1.06 1.00
3rd .1.05 1.00
Ath 1.05
.......
1.00
..
Table 6.2,2 STATISTICAL ERRORS IN RESISTIVITY AND HALL 
EFFECT DATA FOR P-TYPE WAFER B1059/24.
SHEET RESISTIVITY
^ n ' 1)
9.4
SHEET MOBILITY 3.5*102
(CM2/VS)
SHEET CARRIER 1.84*1014
CONCENTRATION
(CM-1)
Table 6.2.4 SUMMARY OF ELECTRONIC PROPERTIES OF 
N-TYPE LAYER ON BORON IMPLANTED 
SUBSTRATE B1059/24 AT 84K.
5KG, 500yu.A
MEASUREMENT
TEMP(K).
NO.
MEAS. |iVH0| i
(mV) j
lvsl
(mV)
*VH0
VH
292.0 b 0.008 0.517 1 1.55%'
80.5 b 0.0b3 0.725 ± 3-93%
a (r£/r )^
292K 80.5K
A(R^/R")
292K 80.5K
-1.5/° ±1.9% ±3.3%
8o.5K,5KG,500ynA
PARAMETER TOTAL ERROR
■ ± 2. b%
H^S ± 7.b3%
A s - 9 . 8 3 %
Table 6.2.6 MEASUREMENT ERRORS FOR WHOLE LAYER 
Van der Pauw MEASUREMENTS ON SAMPLE 
B1762/45/1.
Table 6.2,8 : CURRENT NORMALISED SHEET RESISTIVITY
AS A FUNCTION OF LAYER THICKNESS(82K)# 
(SAMPLE B1981/102/P ).
DEPTH APPLIED MEASUREMENT CURRENT^A)
REMOVED(8) 100 200 300 400 500 600 700
0 0.69 0.87 0.92 0.95 0.97 0.99 1.00
3000 0.93 0.96 0.98 0.98 0.99 0.99 1.00
5000 0.93 0.96 0.98 0.98 0.99 0.99 1.00
7000 0.96 0.98 0.99 0. 99 0.99 1.00 1.00
10000 0.96 0.98 0.99 0.99 0.99 1.00 1.00
32000 0.96 0.98 0.99 0.99 0.99 1.00 1.00
Table 6.2.9 CURRENT NORMALISED SHEET HALL COEFFIClENT 
AS A FUNCTION OF LAYER THICKNESS(82K) 
(SAMPLE B1981/102/P ).
DEPTH APPLIED MEASUREMENT CURRENT(y<(A)
REMOVED (8) 100 200 300 400 500 600 700
0 0..98 0,, 98 0.,98 1..00 1.,00 1..00 0.,98
5000 0..99 1.,00 1.,00 1.,00 1.,00 1.,00 1.,00
7000 1,,00 0.,99 1.,00 0.,99 0.,99 0.,99 0.,97
8000 1..00 0. 87 0.,73 0.,81 0.,81 0.,82 0.,68
10000 1..00 0., 93 0.,84 0..77 0.,84 0..62 0.,56
12000 1..00 0.,64 0.,67 0.,66 0.,64 0.,51 0.,34
32000 1.,00 0. 70 0.,49 0.,41 0.,48 0.,44 0.,28
Table 6.2.11 DEPENDENCE OF SHEET RESISTIVITY AS A
AS A FUNCTION OF DEPTH IN LOW DOSE POST IMPLANT 
ANNEALED(23S"0C) LAYER. (SAMPLE B198l/l02/£ ).
DEPTH SHEET TEMPERATURE
REMOVED RESISTIVITY
(8) U - P " 1 ) (K)
0 10.42 84
1000 9.98 84
2000 10.46 83
3000 10.74 84
4000 10.77 84
5000 11.08 84
6000 11.08 84
| ( ;
Table 6*2.10 CURRENT NORMALISED SHEET HALL COEFFICIENT
M •
AS A FUNCTION OF DEPTH IN LOW DOSE POST IMPLANT 
ANNEALED(23S°C) LAYER. (SAMPLE B198l/l02/£ ) .
DEPTH APPLIED MEASUREMENT CURRENT( fX h)
REMOVED 100 200 300 400 500 600 700
(8)
0 -1 -0.98 -0.97 -0.96 -0.96 -0.95
1000 -1 -0.99 -0.99 -0.98 -0.98 -0.98
4000 -1 -0.93 -0.95 -0.94 -0.93 -0.93 -0.90
6000 - +1.00 +0.90 +0.94 +0.87 +0.84 +0.82
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Figure 6.3.1 Ar+ PHOTODIODE I-V CHARACTERISTIC
AT 77K FOR 293K and 573K THERMAL 
BACKGROUNDS,ILLUSTRATING PHOTO­
RESPONSE.
A
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Figure 6.3.2 SPECTRAL RESPONSE OF Ar+ IMPLANTED 
PHOTODIODE.
 ^m m )
3.0
5
3
210
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Figure 6.3.3 AREAL RELATIVE PHOTORESPONSE OF Ar+
IMPLANTED PHOTODIODE.
Figure 6.3.4 OPTICAL MICROGRAPH 
OF THE MALVERN MESA(x25).
-189 -
B1762/45/3 0. 5mA
50mV
B1762/45/4 0. 5mA
50mV
B1762/45/5 -p 0. 4mA
50mV
Figure 6.3.5 I-V CHARACTERISTICS AT 77K WITH 
293K THERMAL BACKGROUND.
77K
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0.04 0.08
-A A- A  A
 r~
0.12 0.16
— i-------------------- ;— i—
0.20 0.24
DEPTH (lOyj^M )
Figure 6.3.6 l/c PROFILE AND DENSITY OF IONIZED
ACCEPTORS BEHIND JUNCTION(B1762/45/4)
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Figure 6.3.7 l/C PROFILE AND DENSITY OF IONIZED
ACCEPTORS BEHIND JUNCTION(B1762/45/5).
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Figure 6.3.8 NORMALIZED SPECTRAL RESPONSE 
FOR DEVICE B1762/45/5.
(J*M)
* RELATIVE TO A GOLAY CELL.
77K,ZERO-BIAS, 2 F.O.V.
R A . 
o 3 
2cm
RESPON SIVITY 
AW”1
DEE-STAR 
(500^y|00^z, 1) 
cmHz ' W~
CUT-OFF
WAVELENGTH
f K W
38.0 2.8*10~2 2.69*109 2.5
Table 6.3.1 OPTOELECTRONIC CHARACTERISTICS OF Ar+ 
IMPLANTED PHOTODIODE.
2. 5 mA77K
0.2 V
Figure 6.3.9 I-V CHARACTERISTIC OF DEVICE 
B1762/45/5 AFTER REMOVAL OF JUNCTION 
SHUNTING BY NATIVE OXIDE.
DEVICE Ro
(-*-}
R A
-2' ^CM )
seris COMMENT
3 200 0.17
- -
AS IMPLANTED
4 500 0.44 60 200°C ANNEAL
5 1000 0.87 100 23£>°C ANNEAL
Table 6.3.2 WAFER B1762/45. 77K.
B1762/45 77K,1MHz
DEVICE BAND GAP 
(eV)
IONIZED ACCEP 
-TOR DENSITY 
NEAR JUNCT(CM2
COMMENT
4 0.22 1.51X1016 200°C ANNEAL
5 0.25 1.18xl016 23£°C ANNEAL
3 — —
AS IMPLANTED DEVICE 
TOO LEAKY IN REVER 
-SE BIAS FOR MEASU 
-REMENT
Table 6.3.3 BAND GAP AND AVERAGE SUBSTRATE ACCEPTOR 
DENSITY DETERMINED FROM C-V MEASUREMENTS.
B1762/45. 77K
DEVICE % REDUCTION IN RQA 
PRODUCT AFTER CURING 
OF EPOXY CONTACTS
COMMENT
\
3 37.5 AS IMPLANTED
4 66.6 200°C ANNEAL
5 50.0 23ST°C ANNEAL
Table 6.3.4 DEGRADATION IN DIODE QUALITY AFTER CURING 
OF EPOXY RESIN LEADOUT ADHERENT. ( 80°C,Xhr) .
77K,ZERO BIAS.
DEVICE RESPONS­
IVITY
(AW”1)
QUANTUM
EFFICIENCY
(%)
_*
th
(500K,500Hz, 
1).2lf fov 
(CMHz 1/2w “:!
COMMENT
3 0.92 24.5 ' 9 -i 4.7x10 ;
AS
IMPLANTED
4 0.84 22.3 4.9xl09
200°C
ANNEAL
5 1.54 41.0 1.6xl010
235°C
ANNEAL
Table 6.3.5 500K BLACKBODY RESPONSIVITY AND THERMAL NOISE LIMITED 
DETECTIVITY(DEE-STAR) FOR BORON IMPLANTED PHOTODIODES 
(B1762/45/3/4/5).
Plate 6.3.1 ELECTRON MICROGRAPH OF Ar* IMPLANTED 
MESA PHOTODIODE.
CHAPTER 7 DISCUSSION
The discussion is presented in three sections. The first section 
discusses the effects of etching (Section 7.1.1), oxidation 
(Section 7.1*2) and anodization (Sections 7.1.3-4) on the surface 
chemistry of CMT.
The second section describes the electrical characteristics of p-type CMT 
and n-type layers produced by boron implantation (Section 7.2.1).
Section 7.2.2 (i) considers the influence of the dose and dose rate 
on the nature and distribution of donor-like centres in boron 
implanted CMT. The effects of thermal annealing on the electrical 
activity of boron implanted layers is described in Section 7.2.2(ii).
Section 7.3. describes the optoelectronic characteristics of CMT
+ *1“ 
photodiodes produced by Ar (Section 7.3.1) and B implantation
(Section 7.3.2). In Section 7.3.2 the thermal stability of p-n
junctions produced by boron implantation is discussed. The quality
of p-n junctions is related to the nature of the donor-like centre at
the interface between the substrate and type converted layer.
7.1 SURFACE CHEMISTRY OF CMT
7.1.1 DEPENDENCE UPON ETCHANTS
The bromine-methanol etch was used throughout this study for the 
preparation of samples and layer removal. A rough surface topography 
was often produced when chemically etching or polishing CMT wafers.
The XPS data presented in tables 7.1.1-2 and 6.1.1-3 enables 
conclusions to be reached regarding the composition of etched CMT 
surfaces. The chemical effect of the etchant was deduced from a 
comparison of the etched surface composition with the average bulk 
composition of the crystal.
The binding energies of photoelectrons emitted from chemically 
polished(i% v/V Br-meth.) and the Van der Pauw etched (0.1% V/V 
Br-meth.) surfaces of samples B1465/54 (x = 0.2) and 15(191)512 
(x = 0.44) respectively, are compared in table 7.1.1.signals from 
corresponding electron subshells of the elements in these samples 
differed by less than + 0.5eV and therefore the chemical state of the
atoms is similar in both surfaces. In both spectra, photosignals 
with small displacements «leV) from the ionization potentials 
in the pure elements are observed for all the primary elements.
It is concluded that these signals are from matrix* atoms. The 
positive displacement (+ 3.5eV) of photosignal from the photoionized 
Te(3d) state, in conjunction with the broad and negatively displaced 
photosignal from the oxygen (Is) state (see tables 6.1.1 and 6.1.3), 
indicates the presence of a tellurium oxide on both samples. The 
visibility of photosignal from matrix tellurium atoms reveals the 
thickness of the oxide to be one or two monolayers through the 
mean escape depth of photoelectrons (See Section 5.1.3). A tellurium 
rich surface is therefore produced by the bromine-methanol etchant, which 
has oxidized prior to XPS analysis (See Appendix A4).
From the quantitative XPS analysis of the chemically polished surface
of B1465/54 shown in table 6,1.2, inclusive of oxidized tellurium the
etched surface of the reference sample is stoichiometric (y=l) with a
composition predicted from the pseudobinary composition of the bulk
(x = 0.2 for the reference sample). Through the quantitative data
(table 6.1.2) and the double peak composite model of the oxygen (Is)
photosignal (See appendix A5) the composition of the tellurium oxide
is estimated to be Te 0 . This is in reasonable agreement with a
2 5
composition of TeO^ predicted from the chemical shift of the oxidized 
tellurium (3d) photosignal (Table 7.1.1, (127)).
* The term matrix refers to the CMT substrate
SURFACE BINDING ENERGY DISPLACEMENT FROM 
REFERENCE DATA(eV)*
Hg(4n Cd (3d)hv yave
LO HI
REFERENCE
SAMPLE
B1465/54
FRESHLY ETCHED 
X=0. 2
+1.1 +0.45 +0.33 +3.83
EXPOSED 6 MON­
THS TO AMBIENT 
X=0.2
+2.6 +1.35 +0.05 +3.65
Van der Pauw
SAMPLE
15(191)sl2
LONG TERM NAT- 
IVE OXIDE 
X=0.44
+1.0 +0.5 +0.4 +3.1
FRESHLY ETCHED
SURFACE
X=0.44
+1.25 +0.75 +0.1 +3.5
♦DATA CORRECTED FOR C(ls) SHIFT,45° ANALYSIS ANGLE.
Table 7.1.1 COMPARISON OF PHOTOELECTRON BINDING 
ENERGY DIFFERENTIALS.
ELEMENT SURFACE ATOMIC PERCENT
EXPERIMENT
EXPOSED
SURFACE
FRESHLY ETCHED 
SURFACE
50008 BULK
Hg
Cd
Te(TOTAL)
28.1
12.2
59.6
23.3
12.8
63.9
22.5
18.1
58.4
28.0
22.0
50.0
RATIO -
Cd/Hg
(Cd+Hg)/Te
0.43
0.68
0.55
0.56
0.8
0.69
0.78
1.00
**0(Is)=32.4 %
Table 7.1.2
In contrast to the chemically polished reference sample,
B1465/54, the surface compositional analysis of the Van der Pauw
etched specimen, 15(191)512, does not reflect its bulk
composition (table 7.1.2). The apparent depletion of
cadmium from this surface cannot be explained by non-planar
etching since both the anion and cation sublattices of CMT are
visible to XPS. It was speculated that the sample was
inhomogeneous. To test this hypothesis the sample was reanalysed
o
at a later date after 5000A of material was etched from the sample.
The quantitative data are compared in table 7.1.2. and confirm 
the inhomogeneity of the sample.
It is concluded from the surface chemistry of bromine-methanol 
etched CMT that the rough surfacetopography often produced in early 
attempts to chemically polish or etch CMT was not a consequence 
of the chemistry of the bromine-methanol etch. Rather,,this effect 
must have resulted from elements in the microstructure of CMT. These 
features etch differentially to the CMT matrix. In some cases, their 
nature was obvious after their delineation by the etch e.g. dendritic 
structure.
Rhiger and Kvass (135) have reported depletion of primary elements 
from the surface of CMT (composition x = 0.3) through etching in 
brominated solutions. Their study did not include the bromine- 
methanol system, however^ it is of interest that they report 
different etches to produce different modes of chemical depletion.
In all cases cadmium depletion was observed, bromine-dimethyl formamide 
producing a similar effect (tellurium enrichment) to results in this 
study with bromine-methanol. Rhiger and Kvass observed bromine-ethanediol 
enriched the surface mercury ^content. Complex oxides (Hg^Cd^Te^O^) 
were interpreted from these authors' data in contrast to the relatively 
simple tellurium oxide at the bromine-methanol etched surface of CMT.
7.1.2 COMPOSITION OF NATIVE OXIDES
A native oxide of a well defined chemical composition may provide 
a convenient electrical passivant (136) for p-n junctions formed 
in CMT. The surface chemistry of the native oxide is now discussed.
The bind energies of photoelectrons emitted from the CMT samples 
B1465/54 and 15 (T91) 512, whose surfaces were exposed to the laboratory 
ambient, are compared to photosignals from their chemically etched 
precursor surfaces in table 7.1.1. Referring to data from the 
reference sample, B1465/54 (composition x = 0.2), the positive 
displacements of the mercury (4f) and cadmium (3d) binding energies 
show that a complex native oxide comprised.of all the primary 
elements has formed |pon exposure to the ambient. The native oxide 
is estimated to be one or two monolayers thick through the 
visibility of the low energy tellurium (3d) doublet, which corresponds 
to matrix tellurium (see Section 7.1.1).
In contrast to the reference sample, the comparison of photoelectron 
bind energies from the Van der Pauw etched sample, 15(191)512 in table
7.1.1 shows that atmospheric exposure does not substantially alter the 
surface chemistry of a CMT alloy of composition factor x = 0.44. 
Atmospheric exposure produces growth of the tellurium oxide to a 
thickness estimated as two monolayers. This is evident from the 
visibility of matrix tellurium in the XPS spectra (low energy Te (3d) 
doublet) and the data .shown in Figure 7.1.1. Confirmation of the 
identities of high and low energy • tellurium (3d) doublets, seen in 
XPS spectra as oxidized and matrix species respectively, is given by 
the sequence of narrow scans shown in Figure 7.1.1. The relative 
doublet intensities clearly show the removal of the oxide upon 
etching as a reduction in the intensity of the high energy doublet.
Its relative intensity increases upon exposure to the ambient, showing 
oxide growth.
The composition of the native oxide formed on the reference sample was
derived from the data in table 6.1.8 as Hg _cd„ _TeO„.The native oxide
0.5 1.5 3.
on a CMT alloy of composition x = 0.2 is therefore a chemical mixture 
rather than a well defined chemical, compound. Angularly resolved XPS 
quantitative data, shown .in table 7.1.3, reveal the oxide is an 
inhomogeneous mixture through the decreasing ratio of oxidized cadmium
QK>
CO-
cn~
572 574 575 578 588 
BE(£V} X]
584 S8S 588 590 592
LONG TERM 
NATIVE OXIDE
Br-METHANOL 
ETCHED,Ihrs
00“<S
EXPOSURE
ro“cs>
588558 570 572 574 575 578 S80 582 584
BECQO XI
CD<S
00“<S
.00“
ro“G>
584 S8S 588 590S72 574 576 578 580
B5CEV0 XI
18.5hrs EXPOSURE
Figure 7.1.1 DEVELOPEMENT OF TELLURIUM OXIDE
ON X = 0 .44 CMT UPON EXPOSURE TO THE ATMOSPHERE.
Table 7.1.4 COMPARISON OF 45° QUANTITATIVE ANALYSES
FOR A FRESHLY Br-METH. ETCHED X=0.2 SURFACE WITH 
THAT PRODUCED AFTER 6 MONTHS ATMOSPHERIC EXPOSURE.
ELEMENT SURFACE ATOMIC PERCENT*
EXPERIMENT BULK PREDICTION
EXPOSED FRESHLY
SURFACE ETCHED
Hg 14.65 39.4 40
Cd 41.56 9.5 10
Te
HI 27.5 33.2
LO 16.79 17.8
TOTAL 44.29 51.0 50
* MATRIX ELEMENT NORMALISED.
ANGLE 15° 30° **5° 60° 75°
TeoX
TemflT 1 0.69 0.62 0.32 0.29
Cd
Hg 1 0.8l .0.51 0.39 0.k2
DEPTH ------>
Calculated Cd/Hg from bulk composition =0.25
Table 7.1.3 PRIMARY ELEMENT NORMALIZED CONCENTRATION 
RATIOS AS A FUNCTION OF ANGLE OF ANALYSIS 
FOR NATIVE OXIDIZED REFERENCE SAMPLE(X=0.2).
to mercury observed with increasing depth (angle) of photoelectron 
analysis. The decreasing ratio of oxidized to matrix tellurium 
confirms the thickness of the oxide layer previously derived from 
the binding energy spectrum.
From a comparison of the tellurium chemistry of the reference 
sample, B1465/54, listed in tables 7.1.1 and 7.1.4, and the depth 
independence of the total concentration of tellurium in the oxidized 
sample (see table 6.1.8) it is concluded that no change has 
occurred j_hthe ehemistry of tellurium at the CMT surface upon 
exposure of the chemically polished reference sample to the 
ambient. The decreasing ratio of oxidized cadmium to mercury 
with depth in the oxide, table 7.1.3, and the cadmium rich content 
of the oxide relative to its precursor surface, table 7.1.4, suggest 
that changes in the surface chemistry occurring upon atmospheric 
exposure, result from the evaporation of mercury. The thickness 
of the oxide after 6 months in air suggests that the oxide, formed 
by the influx of oxygen atoms which accompanies the evaporation 
of mercury, acts as a barrier to further loss of mercury.
From a comparison of the quantitative data shown in table 7.1.2 
there is no change in the relative proportions of the primary 
elements in the surface of the Van der Pauw etched sample, 15(191)512, 
after atmospheric exposure. A native oxide was formed, whose 
composition is estimated (from figure 7.1.1 and the quantitative 
data in table 7.1.2) as TeO^-
In conclusion, the surface of CMT is chemically stabilized by the formation
of a native oxide. However, the'composition of this oxide ranges
from-Hg ,-Cd cTeO on CMT of composition, x = 0.2 to tellurium dioxide
0 . 5 1 . 5 3
on CMT of composition x = 0.44. Wagner and Rhiger (135, 137) have reported 
the native oxide contains mercury and cadmium but is mainly tellurium 
dioxide on CMT of composition x = 0.3. The self-limiting process 
of oxide growth which proceeds via the evaporation of mercury for 
CMT alloys of composition x { 0.44 does not, therefore, produce 
native oxides of a well defined composition. This is not a 
desirable characteristic for a passivating layer (136), confirmed 
by the electrical characteristics of native oxide passivated 
photodiodes fabricated from x = 0.2 CMT, reported in Section 6.4.2.
7.1.3 COMPOSITION OF AN ANODIC OXIDE
An anodic oxide cannot'be reproducibly formed on CMT (see appendix 
A6 and Section 4.1.3). The composition of an anodic oxide and 
the effect of anodization on the composition of the underlying 
CMT substrate was investigated to determine the mechanism 
underlying this effect. This subsection reports on XPS studies 
of the surface chemistry and composition of a 20V anodic oxide 
formed on the reference sample B1465/54, composition factor x = 0.2.
The chemical states of the primary.elements are identical in the
anodic and native oxides, as can be seen in table 7.1.5. Referring
to Figure 6^ 1.. 11 the broad oxygen (Is) photosignal from the anodic
oxide is a double peak. The variation in shape with angle of
analysis "(Figure 6..1.11), is shown in appendix A7 to reflect the
variation in the concentration of oxidized mercury and tellurium
with depth. Angularly resolved quantitive XPS data, table 6.1.14,
shows the anodic oxide to be an inhomogeneous chemical mixture
of tellurium and mercury oxides. Its composition varying from Hg TeO
« 1 . 1 5o
in the top monolayer (15 angular scan) to an average composition
o o
of Hg^ 5Te°2 5 within approximately 15A of the surface (75 scan). The
cadmium content of the anodic oxide was negligible.
o
From talystep measurements it can be determined that 500A of substrate
o
material is consumed during the formation of 1000A of oxide. The 
general features of the surface composition are that it is a 
chemical mixture of mercury and tellurium oxides which are believed 
to be representative of the oxide bulk. Consider the mechanism of
oxide growth. The thickness of an anodic film is self limiting, and is
set by the anodization potential (See Appendix A6). Oxide growth 
must therefore proceed by electromigration of ions across the oxide.
5
At the limiting thickness, the d.ectric field across the oxide (2-5x10 vcm 
insufficient to sustain electromigration and therefore further growth 
cannot occur. It is not known whether the oxide grows by mass 
transport from the electrolyte to the oxide-substrate interface or from
the substrate to the oxide-electrolyte ..interface.. Noting .that the 
surface of the anodic oxide is denuded of cadmium, Table 6.1.14, it is 
evident that cadmium must be lost to the electrolyte during anodization
45° ANALYSIS
ELECTRON BINDING ENERGY DIFFERENTIAL(eV)
SUBSHELL   ■--------- - --------- --
ANODIC OXIDE LONG TERM NAT.OX
Hg(4f) +2.95 +2.6
Cd(3d) +1.1 +1.35
Te(3d) lo - +0.05
hi +3.4 +3.65
Table 7.1.5 COMPARISON OF PHOTOELECTRON BINDING ENERGY
DIFFERENTIALS IN THE ANODIC AND NATIVE OXIDES 
ON THE REFERENCE SAMPLE(X=0. 2) .
ELEMENT Hg(4f ) Cd(3d) Te(3d)
ANGLE(°)
30 61.4 3.2 35.4
45 71.0 4.1 24.8
70 50.8 2.9 46.3
BULK 40 10 50
Table 7.1.6 NORMALIZED ANGULAR QUANTITATIVE XPS ANALYSES 
OF REFERENCE SAMPLE AFTER REMOVAL OF ANODIC 
OXIDE.
irrespective at which interface growth proceeds. This is apparent 
since both the bulk and native oxide precursor surface contain 
substantial quantities of cadmium (see table 7.1.4). Several authors 
(135, 137, 138) have reported that anodic oxides on CMT are cadmium 
rich. This discrepancy with the results presented here arises from 
differences in the chemistry of the electrolyte and substrate 
composition used in the experiments. Other groups have worked with 
CMT of composition x =0.3, using electrolytes of potassium hydroxide 
in an organic solvent.
It was not found possible to grow anodic oxides of a consistent colour 
even under identical experimental conditions (See Appendix A6). This 
inconsistency was independent of the sample preparation prior to 
anodization and occurred on both bromine-methanol etched and oxidized
substrates. The composition of an anodic oxide and therefore
it
the quantity of substrate material consumed in its formation is 
not controlled by the anodization process. It is suggested that 
this is a consequence of the differential electromigration of 
species acroos the oxide during the growth process. This is 
indicated by the inhomogeneous composition and low cadmium content 
of the anodic oxide surface.    - -
7.1.4 SURFACE COMPOSITION. OF CMT AFTER ANODIZATION
The effects of the differential electromigration of ions, which occurs 
during the growth of an anodic oxide (See Section 7.1.3), were 
investigated further through a study of the chemical composition of 
the CMT substrate surface underlying the anodic oxide on sample B1465/54.
From the analysis of the photoelectron binding energies discussed in 
Section 6.1.4, the positive displacement of photosignal from the 
mercury (4f) state (+2.3eV, see taole 6.1.15) and broad basewidth of the 
oxygen (Is) signal (approx.6eV, see Figure 6.1.13) revealed a layer of 
oxidized mercury formed the interface between the 20V anodic oxide and 
the CMT substrate. Referring to the angularly resolvedphotoelectron 
binding energies listed in tables 6.1.17 - 6.1.20, the broad and variable 
basewidth of the oxygen (Is) photosignal implies a varying co-ordination 
of oxygen with mercury in the oxide. The visibility of photosignals from 
matrix tellurium and cadmium atoms indicates the oxide extends two to . 
three atomic layers above the CMT surface.
The angular dependence of the XPS data (See table 6.1.21) confirmed
the complex structure of the oxide its composition varying from
Hg o0 in the top monolayer (30°scan) to Hg _0 integrated over the 
0. o o 1.6.
depth of analysis in a 70 angular scan. The increase in proportion 
of tellurium and the corresponding decreasing concentration of oxygen, 
observed with increasing depth of analysis, shown in table 6.1.21, 
confirms the thickness of the oxide layer previously deduced from the ' 
photoelectron spectrum.
Angularly resolved quantitative XPS data from the surface underlying the 
anodic oxide, normalized to the relative proportions of the primary 
elements, is compared to the bulk composition in table 7.1.6. Tellurium 
and cadmium are depleted from the substrate surface. The inhomogeneous 
chemical composition of the surface region confirms that growth of the 
anodic oxide proceeds through the differential electromigration of 
ions during anodization, as suggested by the compositional analysis 
of the anodic oxide (See Section 7.1.3). It follows that the 
composition of the substrate surface underlying the anodic oxide must 
also be inconsistent. This effect may explain the random.failure of 
the anodization process, discussed in Appendix A6. A sample which 
failed to anodize could be anodized after etching in bromine-methanol, 
indicating the. presence of a passivating surface layer. Differential 
electromigration of ions in the process of anodic oxide growth must 
therefore occasionally create such a composition at the oxide- 
substrate interface, preventing further anodization of the sample*
The composition of the interface determined in this experiment was
not that of the passivatingiayer ‘ since the sample could be subsequently
anodized.
In conclusion,the .erratic growth of a passivating layer, which stopped 
further anodization, meant that the anodization technique could not 
be used as a layer removal method. Recourse was therefore made to the 
bromine-methanol etch method (See Section 4.1.3).
*The density of an anodic film is a function of its composition.
Correspondingly the film thickness produced by a given anodization
potential, set by the limiting electric field strength for
6 —1electromigration across the oxide* (2-5 x 10 vcm~ , P205, is also 
determined by the composition of the oxide.
7.2 ELECTRICAL ACTIVITY AND DISTRIBUTION OF ELECTRICALLY
ACTIVE CENTRES IN BORON IMPLANTED CMT
7.2-1 ELECTRICAL CHARACTERISTICS OF n - AND p - TYPE CMT
The bulk electrical characteristics of CMT were determined through 
Van der Pauw.measurements of the sheet resistivity and Hall effect 
as a function of temperature (See Section 4.4). In this sub-section 
the electrical characteristics of a p-type wafer (B1059/24, composition 
factor x = 0.3) and of an n-type layer formed on this sample after 
the implantation of boron ions (See Section 6.2.1), are discussed.
(i) p-TYPE C m 1
\
(a) SINGLE AND DUAL CARRIER CONDUCTION IN P-TYPE CMT
From the sign of the Hall coefficient shown in Figure 7.2.1, it can 
be deduced that type conversion occurs as sample B1059/24 warms from 
80K to room temperature. Three regions are evident in this temperature 
range, seemingly corresponding to regions of majority carrier conduction 
separated by a transition region.
The experimental data has been analysed using the dual carrier 
model, developed in Section 5.2.1. Consider the simplified equation 
for the Hall coefficient (C.F. equation (5.6)),
~ re»h (nb^-p) (7 1)
q (nb + p)2
At temperatures below 125K the Hall coefficient is positive and 
independent of temperature. Thus the acceptor level responsible for 
this activity must be shallow, located at approximately 7meV above the 
heavy hole band, sufficient thermal energy being available at 84K to 
fully ionize these centres. Similar data have been obtained by other 
authors for material whose p-type activity results from mercury 
vacancies (See Section 2.7.4). The plateau region in the profile
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Figure 7.2.1. SHEET HALL COEFFICIENT AS A
FUNCTION OF TEMPERATURE. P-TYPE CMT,
COMPOSITION X=0.3(B1059/24).
2of the Hall coefficient corresponds to the condition |p|>|nb |in
the equation 7*1* This is apparent since the concentration of
14 -3
ionized donor centres(approx. 5 x 10 cm , Section 2.7) and
1 1 - 3
intrinsic carriers (approx. 1 x 10 cm , Section 2.5) are 
negligible at these temperatures. In this regime, the Hall 
coefficient has the simple physical interpretation
V  + fh   (7.2)
pq
i 2
since Ipj > |nb j . The density of holes in sample B1059/24 was
X6 “3therefore calculated as 2.5 x 10 cm at 84K (Figure 7.2.1).
At temperatures greater than 125K, the profile of the Hall coefficient 
inflects and changes sign after passing through a minimum value.
In this region, the concentration of thermally excited (intrinsic) 
carriers becomes appreciable and a region of mixed conduction exists.
Referring to equation 7.1, the increase in the intrinsic carrier
' 2 
density with rising temperature causes the magnitude of Jnb | to
i t  2approach |p| , such that (nb -p). tends to zero, resulting in a 
reduction in the magnitude of the Hall coefficient at temperatures 
above the Hall minimum (approx. 167K) |nb |> jpj, thereby producing 
a negative Hall coefficient whose magnitude increases with rising 
temperature. The exponential dependence of the intrinsic carrier 
concentration upon temperature (equation 2.9) eventually causes the 
denominator in equation 7.1 to predominate over the numerator resulting 
in a maximum value for the Hall coefficient. The maximum occurs at 
approximately 220K. In the region superceding this point, the 
magnitude of the Hall coefficient decreases with increasing temperature, 
principally through the increasing electron contribution to the 
conductivity. The sign of the Hall coefficient remains negative because 
the mobility ratio(b) is greater than unity. Elliot et al (139) have 
shown the validity of the dual carrier model by reproducing the 
temperature dependence of the Hall coefficient in p-type CMT through 
a computer model, utilizing the full expression for-the dual conduction 
Hall coefficient (equation 5.5).
Considering the-model of electrical conduction derived from the
temperature dependence of the Hall coefficient, the temperature
dependence of the sheet resistivity (P ) shown in Figure 6.2.1, where
s
n (T)b (T) + p(T)
1
e.s d . (7.3)
reflects the dominance of the electrical conduction by heavy holes 
(See Section 2.3.2) at temperatures below 125K and the increasing 
influence of electron conduction at higher temperatures.
The temperature dependence of the Hall mobility is illustrated in
Figure 7.2.2. At temperatures below 125K, corresponding to the
single carrier conduction region, the Hall mobility ranges from 
2 2
2 - 2 . 3 x 1 0  cm /VS which is typical for heavy holes in a CMT alloy
16 —3of composition x - 0.3, containing 2.5 x 10 holes cm (See figure
2.6.2). At higher temperatures, the rise in mobility reflects the 
increasing contribution of electron conduction-to the conductivity of
the sample. At room temperature the carrier mobility in the sample
3 2 /
7 x 10 cm /VS, is typical of that expected for n-type material
(See Figure 2.6.1).
(b) MOBILITY RATIO AND INTERPRETATION OF HALL EFFECT DATA
From an inspection of equation 7.1, in the mixed conduction region,
the high mobility ratio of electrons to heavy holes (b) (See Section
2.6) can determine the sign of the Hall coefficient in p-type CMT rather
than the volumetric concentration of the majority carrier, through the
inequality |nb |>|p| • Consider the Hall effect data for the x = 0.3
p-type sample (Figure 7.2.1) at 293K. At this temperature the
15 -3
concentration of intrinsic carriers is calculated as 3.1 x 10 cm
(equation 2.9), a small concentration relative to the measured density 
16 —3of 2.5 x 10 cm ionized acceptors at 84K. Applying the mass action 
. 2
law (nf = n (n + p)) the density of electrons at 293K is calculated 
14 -3to be 3.8 x 10 cm . The electron concentration is then only 1.3% 
of the hole concentration at 293K. Therefore, in contrast to the 
sign of the Hall coefficient (determined by jnb |> |p| ), electrons, 
are actually the minority carrier at room temperature.
- 213 -
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Figure 7.2.2 SHEET HALL MOBILITY AS A FUNCTION OF
TEMPERATURE. P-TYPE CMT COMPOSITION X=0.3(B1059/24 ).
To- summarize,in Sanple B1059/24 the sign of the Hall coefficient 
only relates to the carrier type in the region of single carrier 
conduction, which existed between 125 and 84K. Data at higher 
temperatures cannot be interpreted in the absence of a knowledge 
of the magnitude of the mobility ratio. If the mobility ratio is 
known then the resistivity and Hall effect data may be interpreted 
through the elliptical expressions for the Hall coefficient and 
resistivity developed by Dunlap (140), subsequently extended by 
Hunter (141).
The mobility ratio (b) can be determined from the temperature 
dependence of the Hall coefficient, Figure 7.:2,1, through the 
relation (142),
RH I ..ex 1 = 4b
r h
1 MIN
(la -1 )2 :   ( 7 .4 )
where j J i s  the magnitude of the Hall coefficient in the: exhaustion
0 X  I iregion (Acceptors fully ionized) and R the magnitude at the Hall
1 T O N 1
minimum. A value of 1.53 was determined at a temperature of 167 +;
3K from the Hall data (Figure 7.2.1). Studies of the electron and hole 
mobility, reported ;Ln Section 2.6, indicate that mobility ratios can range 
from values of tens to hundreds in CMT.. However.-, • the large errors in 
determining the mobility ratio from Hall data limits the value of this 
experimental approach. The strong temperature dependence of the Hall 
coefficient in the region of the Hall mimimum.maximizing the experimental 
error in determining the Hall coefficient by a variable temperature 
measurement. Hunter (143) has developed a graphical method to obtain 
the mobility ratio from the temperature dependence of the resistivity.
This technique is based upon an extrapolation of data over a range of 
temperature, assuming the mobility ratio is independent of temperature.
The form of the resistivity profile shown in Figure 6.2.1, was unsuitable 
for application of Hunter's method. It is concluded that the mobility 
ratio may, in fact, be dependent upon temperature.
Calculations were made to determine the mobility ratio. Two 
methods of calculation were employed. The first method assumed, 
as is customary, that the mobility ratio was independent of. 
temperature. In these calculations (See Appendix A2), the mobility 
ratio was taken to be that value which successfully fitted a 
theoretical temperature dependence of the Hall coefficient to 
the experimental -data. In the second method, discussed in
Appendix A2, the mobility ratio as a function of temperature was 
calculated by solving a quadratic form of the simplified expression 
for the Hall coefficient (Equation 7.1) using the experimental 
data. From the calculations presented in Appendix A2 the Hall data, 
Figure 7.2.1, could not be reproduced assuming a temperature 
independent mobility ratio,. Moreover, values of the calculated 
temperature depend&nt mobility ratio given in table A.2.1,
Appendix A2, are not physically acceptable on the basis of the data 
reported in Section 2.6. Inspection of the equation for the Hall 
coefficient (See Appendix A2) reveals that the position of the Hall 
minimum is insensitive to the mobility ratio for the high values of 
this parameter expected in CMT (See Section 2.3). It was indicated 
from these considerations (See Appendix A2) that the inadequacies of 
the calculations stem from an inaccurate knowledge of the temperature 
dependence of the electron concentration in the p—type sample 
(B1059/24), calculated from Hansen's expression for the intrinsic 
carrier concentration (equation 2.9).
As a consequence of the failure to determine the mobility ratio, 
intepretation of the Hall effect data in terms of carrier density 
was confined to the exhaustion region, where the Hall coefficient 
is independent of the mobility ratio.
•(c) DETERMINATION-OF THE ■ PSEUDOBINARY COMPOSITION FROM
HALL EFFECT'MEASUREMENTS .
Because of the failure of infrared transmission measurements to 
determine the composition of p-type material (See Section 4.6), 
the- composition of a crystal was determined through the electrical: 
measurements. Although p-type CMT exhibits mixed conduction at 
temperatures above the exhaustion range (See Part (a)), a determination 
of the intrinsic carrier concentration could be made from Hall effect 
mieasurements and related to the pseudobinary composition through Hansen
relation for the band gap and intrinsic carrier concentration (see 
equations 2.7 and 2.9).
The intrinsic carrier concentration is related to the value of the 
Hall coefficient at the temperature of the Hall minimum through the 
relation (142)^
(7.5)
from the data of the Hall coefficient in Figure 7.2.1 and the value 
of the mobility ratio calculated in part (b), an intrinsic carrier
1 3 - 3  ,
concentration of 2.3 x 10 cm at 1]67 +_ 3K was calculated for
sample B1059/24. For an alloy of composition x =0.3, this result
is 58% of the value calculated from Hansen's relationship (equation
2.9). Although this result suggests some cancellation of errors
between R I and the mobility ratio, the intrinsic carrier 
Min
density is a weak function of composition at this relatively high 
temperature (See.'Figure 2.5.1). The experimental result corresponding 
to a pseudobinary composition of x = 0. 78 according to the Hansen 
relationship in equation 2.9. The electrical method was clearly too 
inaccurate to determine the pseudobinary composition.
(ii) n-TYPE CMT
After completing the Hall measurements, sample B1059/24 was implanted 
with boron ions (See table 4.2.1). Van der.Pauw measurements on the 
implanted sample at 84K showed a negative Hall coefficient, Figure 
7.2.3, differential measurements (See Section 6.2.1 (ii)) revealing 
the donor-like activity extended 0.5jJM into the substrate. From 
measurements of the areal carrier concentration on the whole implanted 
layer, Figure 7.2.3, the electrical activity contained within the implanted 
layer was 37% of the implanted dose (see table 4.2.1). Although the 
donor-like activity was contained within a region expected from the 
average projected range of the boron ions (see table 4.2.1, Figure
3.3.2). Since donor-like activity resulted in the absence of a post­
implant anneal, a distinction as to whether the n-type activity of the 
implanted layer results from the implanted dopant or the damage centres 
produced by ion implantation cannot be drawn.
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MIN
where R .Hl = _r
qn.
= • b + 1 
4(b)15
(b - 1) — • ■ ■ ■
(b + 1)
C
M
10 5KG
—
1 1 1 1 1 1 '
—
T = 8^K
—
— PARAMETER %  ERROR —
— L d / os zs
- 0.65 —
£lRHS//RHS t  3-56
- \ . 2 1
u —
CM
2 _
1 0 I 1 I I L I I 11 1 I I
10 1 2
10S1/T K*1
Figure 7.2.3 SHEET HALL COEFFICIENT AS A FUNCTION OF TEMP.
BORON IMPLANTED P-TYPE CMT,COMPOSITION X = 0.3(B1059/2^).
The electrical characteristics of the implanted layer were 
deduced from the temperature dependence of the sheet Hall 
coefficient, shown in Figure 7.2.3. At temperatures below 
110K the sheet Hall coefficient is negative and independent 
of temperature. Inspection of the simplified expression for the 
Hall coefficient (equation 7.1) indicates the condition Jnb2|> Jp| 
applies to this region of data. This was confirmed through the
magnitude of the sheet Hall coefficient at 84K, which represents
14 -2an areal carrier concentration of 1.84 x 10 electrons cm ,
corresponding to an average volumetric carrier concentration of
18 _3
3.7 x 10 electrons cm , assuming a homogeneous distribution
of electrically active centres. The concentration of intrinsic
11 -3
carriers, is negligible over this temperature interval ( 5 x 10 cm , 
C.F. Figure 2.5.1), and therefore |nb2| > | pj . As a consequence
the Hall coefficient has the simple physical interpretation
= (- r^ j qn ) in this region. The donor-like centres introduced 
through boron implantion therefore form shallow states below the 
conduction band edge, sufficient thermal energy being available 
at 84K (approx. 7meV) to fully ionize these centres. Calculations 
indicate that the density of these centres is sufficient for the 
donor states to form a continuum with the conduction band (See 
Section 2.7.4). Similar states have been found for donors present 
as residual impurities in CMT crystals (See Sections 2.7.3/4). This 
comparison does not unambiguously establish boron as the agent 
responsible for the n-type electrical activity. There have been 
no reports on the chemical doping characteristics of boron in 
CMT (See table 2.7.1) . Furthermore, the n-type activity of the 
implanted layer results in the absence of a post-implant anneal.
considering Figure 7.2.3, at temperatures above 11DK the magnitude 
of the Hall coefficient decreases but the coefficient remains 
negative in sign. This behaviour results from the rise in the 
intrinsic carrier concentration with increasing temperature.
Referring to equation!7.1, with increasing intrinsic carrier 
concentration the denominator in this equation will always be 
greater than the numerator , the Hall coefficient tending to 
decrease with increasing temperature. The Hall coefficient does 
not change sign with increasing temperature since J nb^ j >• j p j.
The negative sign and low temperature plateau observed in the
temperature dependence of the Hall..coefficient (Figure 7.2.3),
indicates the type converted layer was electrically isolated from
the substrate at temperatures below 110K. However, from measurements
of the sheet resistivity on the p-type substrate (Section 6.2.1 (i).),
the ratio of layer to substrate "resistancen (R /R =(* X  /f x =
n P n .p q? n
e /e )
sn sp' is relatively high at 16%. Current-voltage measurements 
between Van der Pauw contacts after a few microns of material had 
been removed from the layer in bromine-methanol, showed a back-to-back 
diode characteristic at 84K. A p~n junction was therefore formed at 
the interface of the implanted layer and its substrate, providing a high 
resistance electrical barrier between the layers. It was therefore 
assumed that the degree of current shunting by the substrate was 
negligible in measurements below 110K.
At temperatures above 110K the electrical isolation of the n-on-p 
structure breaks down. The profile of the sheet Hall coefficient;
Figure 7.2.3, reflects this by the anomalous peak occurring.at 22OK.
This peak coincide s with the Hall maximum is the p-type substrate 
(Figure 7.2.1). The anomalous behaviour is exhibited to a less marked 
extent in the sheet resistivity and mobility profiles as a function
of temperature (Figures 6.2.4/5). The electron mobility in the implanted
3 2 '
layer, 4 x 10 cm /VS at 84K, is relatively low (See Figure 2.6.1) 
probably as a consequence of the high carrier density and lattice 
damage in the implanted layer. The resistivity and mobility are less 
sensitive to the anomalies, produced by substrate current shunting than 
the Hall coefficient since they are composites of transport parameters 
(See section 5.2). The effects of substrate current shunting on Hall 
effect measurements are discussed further in Section 7.2.2.
7.2.2 DISTRIBUTION OF DONOR LIKE CENTRES IN BORON"IMPLANTED CMT
The distribution of donor-like centres in as-implanted and annealed CMT 
were investigated to determine whether p-n junctions, fabricated from 
boron implanted p-type CMT substrates’ (See Section 7.3), are formed 
as a consequence of implantation damage or through boron, chemically 
activated by a thermal anneal.
Boron is a group III element and therefore a potential donor on a 
metal site in the CMT lattice. N-type conversion had been reported 
for ion implantation of CMT by this species (8, 12). From considerations 
of implantation damage (144, Chapter 3), 'f -£he low atomic mass of boron 
(m = 10.81) makes boron an attractive'choice of implant species.
The distributions of electrical activity produced by "high” and "low” 
dose boron implants were investigated(See Table 7.2.1).
TABLE 7.2.1
EXPERIMENT WAFER DOSE RATE 
(jiA cm~2)
TOTAL DOSE 
(B+ cm-2)
HIGH DOSE 
(6.2.2) B1762/45 4-8 x 10~2
15
1 x 10
LOW DOSE 
(6.2.3) B1981/102 6 x 10’3 1 x 10
In experiment 6.2.2, a large dose of boron ions was implanted to produce 
an n+ layer. A dual energy implant was used to avoid surface inversion 
(44), table 4.2.1) . In experiment 6.2.3, a low dose and dose rate was 
used to reduce the extent of implantation induced damage.
(i) DISTRIBUTION OF DONOR-LIKE CENTRES- IN AS-IMPLANTED LAYERS
In the absence of a post-implant thermal anneal, the n-type electrical 
activity produced by the ion implantation of boron into p-type CMT 
(compositions 0.2>x<0.3, see Sections 6.2.1-3) suggests the 
electrical activity of implanted layers results from donor-like defect 
centres introduced by ion implantation. Similar results have been 
found for implantations of many different ion species (See Section 1.1)
The role of defect centres in determining the electrical activity of 
boron implanted layers is substantiated by the depth profile of 
electrical activity shown in Figure 7.2.4. The donor-like activity 
produced by low dose boron (L.D.B+) implantation (See Section 6.2.3) 
extends 5 + 2.2pm into the implanted substrate, several microns beyond 
the depth profile of boron atoms (30) j.
Margalit et al (12) have reported that sheet conductivity and carrier 
concentration of ion implanted layers in CMT are weakly dependent upon
the implant species and dose. However, the distribution of donor-like
centres introduced by. boron implantation into bulk grown p-type
substrates x =0.2, is dependent upon dosimetrical
parameters or undefined materials variables. Referring to Figure 7.2.5
the distribution of donor-like centres produced by the high dose boron
■f o
implantation(H.D.B XSee table 7.2.1) extends 7000 1400 A into the
substrate and is therefore contained within the implanted region 
(See Figure 7.2.6). In contrast, implantation of boron at a tenth of 
the dose and dose rate (See table 7.2.1), produced n-type activity 
extending to much greater depths, 4-5 pm into the substrate (see 
Figure 7.2.4). In both experiments (6.2.2 and 3), samples were not 
subjected to temperatures above room temperature. A highly mobile 
defect centre, possibly an interstitial, is therefore produced by the 
low dose/dose rate boron implant. It is speculated that migration of
these centres from the implanted region is due to irradiation enhanced 
diffusion (21), induced by lattice strain associated with irradiation
damage (40). -
Considering the dosimetrical variables between these experiments 
(See table 7.2.1), noting dose is a cumulative quantity, the
highly mobile defect centre is seemingly produced by the implantation
14 + —2 —3 —2
°f k?ron at ^?sas ^ B .<?n. _ and dose rates 4 6 x lO jjAcm
15 + —2 —2Implantation of boron at doses >10 B cm and dose rates > 4 x 10
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/lAcm produces immobile damage centres located within, the-implanted 
region. Although comparatively low dose rates were used in both the 
high and low dose implants (21) , the depth distributions of donor-like 
centres (See Figures 7.2.4 and 5) suggest the dose rate may have a 
significant influence on the profiles of electrical activity in boron 
implanted layers. At high dose rates the greater number density of 
collision cascades produced per unit volume per unit time increases 
the probability of cascading atoms interacting through spatial 
intersection of cascade volumes. Correspondingly it is postulated 
that the probability of ion irradiation producing more complex, 
less mobile, defects is enhanced. At low dose rates the probability 
of cascade interaction is low, favouring the production of point 
defects. Baars (23) and Destefanis (13) have reported the rate 
of production of damage centres in boron implanted CMT to be 
dependent upon the dose rate. Alternatively although wafers of 
similar composition and electrical properties were used in the high 
and low dose experiments (See table 4.1.1) , undefined materials 
variables such as the distribution of vacancies, crystal orientation 
and lattice strain, may have influenced the depth of conversion.
Further experiments are required in order to discriminate between 
dosimetrical and materials effects on the distribution of 
electrically active centres in ion implanted CMT.,
Depth profiles of the electrical activity produced by the implantation
of light ions into CMT are compared in Figure 7.2.7. Under similar
conditions of implantation to those used in the low dose
implantation, Destefanis (22) has also reported^dbnor-like electrical
14 + -2
activity to extend beyond the implanted region for 10 B cm implanted
into material of composition x = 0.2. However, depth profile (B)
extends further than data reported by Destefanis, possibly reflecting
materials variables between bulk and epitaxially grown CMT. Destefanis
did not report the dose rate of boron ions. In section 7.2.1 (ii), the
author reported a conversion depth of 0.5jim produced by implantation 
14 + -2
of 5 x 10 B cm at 120 KeV into CMT (bulk grown) of composition 
x = 0.3. A parallel may be drawn from a comparison of the author's and
Bubulac's data (8) (See Figure 7.2.7) for the depths of conversion in
14 + —2 13 + —2x = 0.3 material^ produced by doses of 5 x 10 B cm and 5 x 10 Be cm
respectively, with the authors profiles for 'high' and 'low' dose boron 
implantation into CMT of composition x = 0.2 (See Figured 7.2.4 and 5). Bubulac
did not report the implant dose rate and therefore a. discrimination between
materials and dosimetrical variables could not be made.
A. BUBULAC(1979)(8).5*1013Be+cm-2,lOOKeV, 
LPE CMT X=0.3.
B. PITCHER(1982)(36).l*1014B+cm“2,ISOKeV. 
BRIDGEMAN CMT X=0.2.(B198l/l02/£)-L.D.B+
C. DESTEFANIS(1982)(22).l*1014B+cm“2,200KeV 
LPE CMT X=0. 2.
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Figure 7.2.7 COMPARISON OF DEPTH PROFILES OF ELECTRICAL 
ACTIVITY IN AS-IMPLANTED CMT.
Accurate quantitative Van der Pauw measurements could not be made on 
the type converted layer on as-implanted samples of composition 
x = 0.2, due to the presence of substrate leakage currents. Since 
the magnitude of the substrate leakage current and interface impedance 
between the type converted layers and p-type substrates were unknown, 
the Van der Pauw measurements will depend in an unspecified manner on 
the properties of each layer. It is difficult to appreciate the 
presence of a substrate leakage current from a measurement of the Hall 
coefficient and resistivity at the boiling point of liquid nitrogen 
(77K) . However, in common with other authors (6, 22, 28), quantitative 
data of the carrier concentration determined by spot temperature 
measurements at 77K are presented in Figures 7.2.4 and 7.2.5 for the 
purposes of comparison. Qualitative data for the depth of type 
conversion, discussed previously, was confirmed through the sign of 
the Hall coefficient and magnitude of the sheet resistivity as layers 
were etched from the type converted region.
Figure 7.2.8 illustrates the presence of a substrate leakage current 
across the n-on-p structure produced by H.D.B+ implantation (Sample 
B1762/45/2, see table 7.2.1). Referring to the model of the temperature 
dependence of the Hall coefficient developed for boron implantation 
induced n-type activity in Section 7.2.1(ii), a plateau region in the 
temperature profile of the Hall coefficient is expected at low 
temperatures, corresponding to the carrier exhaustion range. The 
temperature dependence of the Hall coefficient at low temperatures 
must therefore result through Shorting of the Hall field 
in the n-type layer by a Hall field, of reverse polarity, in the p- 
type substrate. This field is induced by the presence of a temperature 
dependent leakage current through the p-type substrate.
The temperature profile of the sheet Hall coefficient measured on the 
n-on-p structure produced by L.D.B+ implantation (sample B1981/102/^>, 
table 7.2.1) is shown in Figure 7.2.9. Applying the model for the n- 
type Hall coefficient discussed in Section 7.2.1(ii), substrate current 
shunting is manifest from the anomalous peak in the profile of the 
Hall coefficient at temperatures above 150K.
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Figure 7.2.9 SHEET HALL COEFFICIENT AS A FUNCTION Of
DEPTH REMOVED FROM AS-IMPLANTED L.D.B
SAMPLE(198l/l02/p).(5KG,400yHA).
+ 1Further anomalous behaviour was exhibited by the L.D.B i m p l a n t e d  
sample (B1981/102/^ ), through the dependence of the sheet Hall 
coefficient on magnetic field strength as layers were etched from 
the type converted reaion (See Figure 7.2.10). From the previous 
measurements on a boron implanted layer in the absence of a substrate 
leakage current (See Section 7.2.1(ii)), the magnitude-of the applied 
magnetic field was expected to have little effect on the Van der Pauw 
data. .The high carrier concentration and mobility measured therein 
suggesting the assumptions of a degenerate electron distribution 
(See section 2.5) and low field conditions, which simplify the 
interpretation of the Hall effect data (See Section 5.2), were to 
be expected in n-type layers produced by boron implantation into 
CMT. The data from the leaky n-on-p structure therefore suggests 
the degree of substrate current shunting is determined by a surface 
leakage current modulated by the magnitude of the Hall field.
The presence of a substrate leakage current in Van der Pauw measurements 
on n-on-p structures results in an over estimation of the sheet 
carrier density in the type converted layer. This is a consequence 
of the reduction in the Hall field (See equations 5.4 and 5.7) which 
is a result of both the reduction in current through the type 
converted region and the shorting effect produced by the Hall field
I |
of reverse polarity induced in the p-type substrate, j j Other 
authors (8, 22, 28) have not commented on the degree of electrical 
isolation between the type converted layer and the p-type substrate.
Data of the substrate sheet resistivity and the sheet carrier 
concentration expressed as a percentage of the implanted dose 
(% activity), are compared in table 7.2.2:
TABLE 7.2.2
SUBSTRATE
DOSE P-N JUNCT. % ACTIVITYREFERENCE COMPOSITION
(x)
SHEET
RESISTIVITY
(_n. a”1)
(B+cnf2; ISOLATION
This work
L.D.B+specimen
B1981/102 0.2 (BULK) 16 1 x 1014 
1 x lO14
NO 319
DESTEFANIS
(22)
0.2 (LPE) 62 ? 200
This work
specimen
B1059/24
0.3 (BULK) 57 5 x 10 YES 37
0.3 (LPE) 390 5 x 10 YES d3=.20Q
BU^g^AC (Be+)
4Figure
HALL COEFFICENT NEGATIVE 
THROUGHOUT.
82.OK,400 L^A.
rh s <b>
Rhs(1kg)
3000,40008
5000
6000
7000
8000
1000012000.32000A
B(KG)
\2.10 NORMALIZED SHEET HALL COEFFICIENT AS A
FUNCTION OF MAGNETIC FIELD STRENGTH AND 
THICKNESS REMOVED FROM L.D.B AS-IMPLANTED 
SAMPLE( 1981/102/ j* ) .
Considering boron implanted material of composition x = 0.2, the
predicted over-estimate of the implant induced electrical activity
through substrate current shunting is evident from the author's data,
Destefanis' (22) result is believed to be more accurate through the
greater substrate resistivity. The differences:'in electrical activity
observed.between the author's and Bubulac's (8) implants . into x = 0.3
material suggest that damage centres may recombine to form
electrically neutral complexes in CMT. This conclusion is in
contrast to the results of Kolodny et al (15) and reports from Baars
(23) and Destefanis (34) who found saturation, of the electrical
13 + -2
activity for doses^10 B cm . Bubulac's (8) quantitative data is 
believed to be accurate on account of the high substrate resistivity 
and p-n junction isolation between the type converted layer and substrate.
(ii) DISTRIBUTION OF DONOR-LIKE CENTRES IN POST-IMPLANT
ANNEALED LAYERS
The depth of electrical activity in as-implanted layers (See Section
7.2.2(i)) indicates an interstitial species, which generally have
high diffusivities (145), contributes to the electrical activity
of boron implanted CMT (See figure 7.2.4) . From Rutherford
backscattering studies of irradiation damage in CMT, Bahir et al (16)
have shown interstitial mercury is a prominent damage centre in ion
implanted CMT. Thermal annealing schedules (See Section 4.1.4) were
therefore selected from the mercury equilibrium pressure-Uemperatures
(See Figures 4.1.3/4) corresponding to estimates of the lowest
temperatures required for n-or- p-type conversion on the mercury
deficient edge, of the existence region (82, 83) . To activate the
implanted dopant the L.D.B+ implanted sample was annealed at 235°C,
under conditions to produce p type activity in undoped material.
To investigate the effects of thermal annealing on the distribution
+
of electrically active defect centres, the H.D.B implanted sample was 
o
annealed at 200 C, under conditions to produce n-type material. The 
concentration profile of implanted boron atoms is stable in both 
anneals (10).
Post-implant.thermal annealing produced a redistribution of the donor-
-h
like centres introduced by boron implantation. Annealing of the H.D.B 
implant (See table 7.2.1) at 200°C resulted in a diffusion of donor-like 
centres from the as-implanted region.(extending 7000 + 1400 A into the 
substrate) to depths of 4 to 5jiM (See figure 7.2.6). Considering the 
relative depths of type conversion in the as-implanted H.D.B*** and L.D.B+ 
samples (See figures 7.2.4 and 7.2.5), this data suggests complexes of 
interstitial mercury atoms, weakly bound to boron or immobile defects, 
are formed.by the high dose implant. In contrast, after annealing the 
low dose boron implant (see table 7.2.1) at 235°c, the unbound mercury 
interstitials originally extending 5.0 +_ 2.2juM in the as-implanted sample, 
are dispersed into the substrate. A surface region of donor-like 
activity remains, extending 8000 + 1600 £ into the substrate and 
therefore contained within the concentration profile of boron atoms 
(See Figure 7.2.11). This surface region of donor-like activity 
therefore results from immobile damage centres or partial activation 
of the boron implant.
A quantitative analysis of Van der Pauw data from the post-implant 
annealed L.D.B implant (see table 7.2.1) could not be made due to 
leakage currents and the internal degradation of this sample, 
resulting from the thermal anneal (See Section 6.2.3). The 
ordinate of Figure 7.2.11 therefore contains an unspecified error and 
is included only for comparison with the literature, where data has 
been similarly obtained through spot measurements at 80 5K assuming 
electrical isolation of the type converted region and substrate.
The presence of substrate current leakage is inferred from the 
temperature profile of the sheet Hall coefficient (See figure 7.2.12), 
which implies a decrease in carrier density occurs with rising 
temperature. The profile is in effect a more exaggerated form of that 
observed for the as-implanted layer (Figure 7.2.9), suggesting decreased 
electrical isolation of the type converted layer relative to its 
as-implanted counterpart. Substrate current leakage was substantiated 
by correspondingly high values of the sheet resistivity, which were 
approximately 70% of the underlying substrate. Furthermore, the sheet 
resistivity increased by only 6% after 600o£ of material was.removed 
from the sample (see table 6.2.10). Although the conditions for Van 
der Pauw's method were violated by the internal pitting of this sample 
(See Section 5.2.2), the presence of an n-type layer was confirmed
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Figure 7.2.11 COMPARISON OF+DEPTH PROFILES OF DONOR-LIKE
CENTRES L.D.B AS-IMPLANTED AND POST-IMPLANT 
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the., strength of the applied magnetic field. Referring. to Figure
o
7.2.13, after 7000 A of material was removed from the sample, the 
sign of the Hall coefficient was dependent upon the magnetic 
induction. The positive value obtained for fields y  3KG 
illustrating the measurement could nevertheless correctly evaluate 
electrical type as a: function of depth, substantiated by the p-type 
measurements made at greater depths (See section 6.2.3). The 
voids in the-n-type region are believed to result from loss of 
mercury from the sample, as a consequence its high equilibrium 
partial pressure at 235°C (See Figure 2.7.1),.
Quantitative:data was determined from;Van der Pauw measurements on
the high dose,; boron implanted sample (B1762/45/1, see table 7.2.1) ,
after post-implant thermal annealing at 200°C (See Section 4.1.4).
The presence of a p-n junction at the interface between the type
converted region and substrate (Figure 6.2.2 7) , and sheet electrical
measurements as a function of temperature (Figures 6.2.11-13)y
demonstrated an improvement in the degree of electrical isolation of
the type converted region in this sample relative to its as-implanted
counterpart (sample 1762/45/2). At temperatures below 95K, the plateau
region in the temperature profile of the sheet Hall coefficient
(see Figure 7.2.14) indicates a region of carrier exhaustion, in accord
with the model of implant induced n-type activity developed in Section
7.2.1(ii) thereby demonstrating effective electrical isolation of
the type converted layer. The influence of a substrate leakage current
on the Van der Pauw . measurement at temperatures > 95K is evident from
the small peak in the temperature profile of the sheet resistivity at
higher temperatures (See figure 6.2.12). The sheet Hall coefficient
at 82K increases by a factor of two between measurements at 1 and 5KG 
(Figure 6.2.14). This behaviour is not completely understood,
but may be related to several factors (1) a surface leakage
current (See section 7.2.2 (i), (2) the distribution of
electrically active centres (Figure 6.2.17 and 7.2.6). The low
density of states in the conduction band may result in a sufficiently
broad spectrum of carrier velocities in a highly doped layer such
that the increase in Hall coeffieient with magnetic field strength
reflects the Hall field compensating the Lorentz force on - < .
the carriers with higher than average velocity situated in the regions
containing a low ionized donor density (.*. high mobility regions).
Or (3) to the on-set of high-field conditions (see section 5.2),
4 2mobilities greater than 10 cm /VS measured in this layer 
(Figure 6.2.16). No thermal degradation of the sample was evident 
from optical microscopy of the surfaces produced during differential^ 
Van der Pauw measurements.
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Three regions can he identified in the.concentration profile of 
donor-like centres in the post-implant annealed, H. D.B"** implanted 
sample (See Figure 7.2.6): a surface peak of electrical activity
at 4000 A, superceded by a rapid decrease in concentration within 
the implanted region. At depths beyond approximately IjiM, the profile 
extends as a long tail 4-5fiM into the substrate. If the donor-like 
activity contained within the implanted:region is assumed to result 
from substitutional boron, then through integration of the profile 
of electrical activity, 23% of the implanted dose is active in this 
sample, in close agreement with the estimate from sheet measurements 
(See Section 6.2.2 (ii)). Ninety-five percent of the post-implant 
annealed donor-like activity is contained within this region. The 
electrical activity of the tail region.results from highly mobile 
defect centres, believed to be mercury interstitials. If it is
assumed that mercury interstitials are merely dispersed by thermal
13 -2
annealing, then from the 1.06 x 10 donor-like centres cm
distributed over the tail region (Figure 7.2.6), it is estimated that
17 -3an average concentration of- 1-2 x 10 cm bound mercury interstitals 
were contained within the 7000 1400 £ thick type converted layer in
the as-implanted sample (assuming monovalent ionization, see Section 
7.2.2 (i)).
; I ;: |
Calculations of the redistribution of surface mercury interstitials in 
CMT, produced after annealing at 200°C for 10 minutes, are compared 
to the profile of' electrical activity in the post-implant annealed 
high dose boron implanted sample in Figure 7.2.15'. The calculations 
assume that recoiling mercury atoms produced during boron implantation 
result in a Gaussian distribution of mercury interstitials (17, 23), 
which form a limited diffusion source within the implanted region.
Details of the calculation are given in Figure 7.2.15. The 
calculation is based upon Fick's 2nd law of diffusion
r  2 2 1
(dc(x)/dt*D[d c(x)/dx J,58) and assumes annealing merely disperses
the mercury interstitials and neglects recombination with substrate
vacancies or the formation of defect.complexes (40). The maximum
surface areal concentration mercury interstitials was derived from
iterative calculations to provide the best compromise between
the peak donor concentration and depth of the type converted
layer._ The minimum areal concentration corresponds to the
concentration of donor-like centres contained within the tail of
the electrical distribution. It is apparent from Figure 7.2.15 that
the electrical profile cannot be entirely described by simple dispersal of
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DETAILS OF CALCULATION
N=_______ ^ ________.exp ~(X~Rp) (REFERENCE: 2.1 )
(2lf)1 /2 (ARp+2Dt)1 /2 2(ARp+2Dt)
(j? = AREAL CONCENTRATION OF MERCURY INTERSTITIALS(CM~^) ;
D=DIFFUSION COEFFICIENT AT 200°C( 1*1011CM2S"1, ll|-5)
R ^PROJECTED RANGE OF MERCURY GAUSSIAN(3.5*10_5CM)P -
AR =STANDAFD DEVIATION(1.5*10 CM)
P
* ESTIMATED FROM TRIM DATA. (20 )
interstitial mercury through thermal diffusion. However, the data 
indicates the potential of mercury interstitials to determine the 
depth of conversion. The failure of the concentration of electrically 
active centres in the tail region to predict the depth of conversion 
reveals that substantial recombination of mercury interstitials with 
mercury vacancies and the formation of electrically neutral complexes, 
occurs during a thermal anneal. This is indicated in the profile of 
electrical activity by the long tail of donor-like centres whose 
concentration is close to the substrate mercury vacancy concentration 
(See table 4.1.1). This conclusion was substantiated further by 
computer calculations using the TRIM programme (146), which
17 -2predicted a mercury interstitial concentration in excess of 10 cm
produced by boron implantation in the absence of collision cascades.
13 -2
Correspondingly, only 2 x 10 Hg vacancies cm were contained within
the post-implant annealed, type converted region of the substrate.
Referring to Figure 7.2.6, the homogeneous distribution of mercury 
interstitials forming the tail of the distribution, at a 
concentration close to the substrate vacancy concentration (See table
4.1.1), indicates almost complete annealing of the mobile defects 
by the 200°C anneal. The depth of type conversion in the as-implanted
L.D.B sample (Figure 7.2.4) is similar to that observed after
+ o o
annealing the H.D.B sample at 200 c. Thermal annealing at 235 C
completely annealed the excess mercury interstitial concentration 
+
in the L.D.B implanted sample (See Figure 7.2.11). Is is therefore 
implied that p-n junctions formed by annealing the H.D.B implanted 
sample at 235°C (See Section 7.3.2) are located within the implanted 
region at the substrate - immobile donor-defect interface.
To summarize, the distributions of donors in boron implanted 
bulk grown CMT of composition x * 0.2, are composite distributions 
produced by two electrically active centres. A distribution of immobile 
donor-like centres contained within the implanted region, superimposed 
upon a distribution of electrically active centres associated with 
mercury interstitials. Mercury interstitials may form loosely bound
completes with immobile defects in the implanted region or with boron
15 + -2 -2 -2
atoms for doses > 10 B cm and dose rates ^  8 x 10 jiAcm . At lower
dose rates radiation enhanced diffusion of electrically active centres 
associated with mercury interstitials occurs, producing a region 
of n-type activity beyond the implanted region. A distinction
between radiation damage and partial activation of the
dopant profile within.the implanted region could not.he established
from a comparison' of the depth. profiles-' of electrical activity.
between.as^implanted and.post-implant annealed samples. P-N
junctions may be formed from (1) immobile defects in B+ implanted
material post-implant annealed at temperatures >235°C, or (2) mercury
. o
interstitials at temperatures < 200 C (See Section 7,3). The extreme
sensitivity of the excess (non-equilibrium) concentration of mercury
interstitials to the annealing temperature, indicates that control
of the properties of p-n junctions formed by mobile defects through
a thermal anneal may not be practicable in CMT. The properties of
junctions formed by immobile defects may be irreproducible due to the
thermal degradation which occurs in the implanted region after
annealing at 235°c. This temperature is therefore proposed to be
the upper limit for thermal annealing of encapsulated samples. This
effect may be circumvented by annealing at! 200°C.for longer periods
to completely anneal the excess mercury interstitial concentration.
From EBIC studies, Bubulac (35) has reported a junction depth of IjjM
in B+ implanted LPE CMT, composition Factor x = 0.3, after annealing 
o
at 200 C for one hour.
Physical studies of irradiation damage correlate with the author’s 
studies of the electrical activity produced by boron implantation
i1
in as-implanted and post-implant annealed samples. Evidence for a
region of line defects contained within the implanted region has been
reported in Rutherford backscattering experiments by Bahir (39) and
Wu et al (27). Bubulac et al (35) have observed dislocation networks.
confined to the boron implanted region using cross-sectional
transmission electron microscopy. In Rutherford backscattering studies
of post-implant annealed samples, Wu et al (27) have reported damage
centres are dispersed by thermal annealing, damage confined within the
boron implanted region after annealing at 240°C for 1 hr. Wu's study
confirmed the existence of mobile and immobile damage centres, indicated
by Pitcher's depth profiles of the donor-like electrical activity.
Baars et al (23) converted boron implanted CMT to a p-type layer after
o
a post-implant thermal anneal of 300 C for 1 hr. It is therefore 
believed that the electrical activity in the implanted region results 
from donor-like damage centres.
The author's depth profiles of electrical activity in post-implant 
annealed, boron implanted, bulk grown CMT) composition;factor 
x = 0.2 (36), are compared to recent data reported by Bubulac (28) 
for post-implant annealed, boron implanted LPE CMT, composition 
factor x = 0.3, in Figure 7.2.16. Bubulac reports the distribution 
of post-implant annealed electrical activity is strongly influenced 
by properties of the substrate underlying the epitaxial layer, which 
are evidently transmitted through the epitaxial layer. In the 
absence of the as-implanted distributions of electrically active 
centres in Bubulac's report, the effects of thermal annealing can 
only be inferred from the form of the post-implant annealed 
distribution of electrical activity. However, it is apparent from 
the dual peak structure of electrical activity (the secondary peak 
lying outside the implanted region), that the diffusion processes 
determining the distribution of post-implant electrical activity 
in epitaxial material are complex relative to the simple mercury 
interstitial diffusion and recombination model devised to describe 
the distribution of electrical activity outside the implanted 
region for bulk grown CMT. Furthermore, from the form of the profiles 
of electrical activity, different diffusion processes are operative in 
each epitaxial layer. In contrast, the consistent features of the 
distributions of electrical activity beyond the implanted region in both 
as-implanted and post-implant annealed CMT, imply the same basic 
processes operate during the redistribution of mobile centres in bulk 
grown material although the driving force for diffusion is 
different in each case.
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Figure 7.2.16 COMPARISON OF DEPTH PROFILES OF DONOR-LIKE 
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7.3 CHARACTERISTICS OF ION IMPLANTED CMT PHOTODIODES
7.3.1 SHORT WAVELENGTH Ar+ IMPLANTED CMT PHOTODIODES
The p-n junction photodiode action observed in Specimen B1040/21/1 confirms 
that implantion of an inert species, Ar+  ^into p-type CMT (See Section 6.3.1) 
achieves type conversion (See Section 7.2.) (15). However, this
device was of poor quality, as assessed by visual inspection (See 
plate 6.3.1) and optical performance,
TABLE 7.3.1
DEVICE
R A 
0 J/ opt
(~tl cm2 )
^■co
(JIM)....
D* (500K) 
*5-1.. (cmHz W )
B1040/21/1 37.6 2.5 92.7 x 10
...... i
summarized in table 7.3.1. The 500K blackbody Dee-star (D*) was 
only 6.7% of the spectral dee-star BLIP value. From theoretical 
considerations, the RQAproduct for this short wavelength device 
is expected to be very high (See Appendix Al). The very low value of 
the rqAj product suggests the junction characteristics are dominated 
by surface leakage currents, which result from the non-photolithograhic 
fabrication method.
7.3.2 LONG WAVELENGTH B+ IMPLANTED CMT PHOTODIODES
The current-voltage characteristics of the long wavelength, H.D.B+
implanted CMT photodiodes(See Section 6.3.2) are shown in Figure
7.3.1. A photoresponse was exhibited by devices formed from both
post-implant annealed and as-implanted material, confirming the
existence of p-n junctions. Thermal annealing considerably improved
the R A products of the photodiodes (Table 7.3.2). A five-fold 0 J
improvement was observed after annealing at 235 C (See Section 4.1.4). 
The RqAj product of device B1762/45/5 was improved to 1.2-n.cm2 
after a light chemical etch.
B1762/45/3 0.5mA
50mV
0.5mAB1762/45/4
50mV
B1762/45/5 -r 0. 4mA
50mV
Figure 7.3.1 I-V CHARACTERISTICS OF DIODES 
AT 77K.
TABLE 7.3.2 77K, 27f FOV
DEVICE ANNEAL
,o . .... 
( C, 10 mms)
R A 
0 J
. (4cm2 )
OPTOELECTRONIC R A
/ « ■ 2 » 0 J ( JL. cm2 )
B1762/45/3 NONE 0.17 0.11
B1762/45/4 200 0.44 0.15
B1762/45/5 235 0.87 0.44
A^ . = Geometric junction area
Although the measured value of the R Aj product is only 1.4% 
of the theoretical maximum value (84°-h-cm2). (Appendix Al, Table 
A.1.1), this result compares favourably to the RQA product of
10 -fL cm2 reported by Wang et al (47) for photodiodes of similar
cut-of wavelength (lOjJiii) formed from boron implanted LPE CMT (See table
1.1.1). The ion implanted photodiodes were of a consistent quality and 
the products varied by less than +_ 10% between devices on the same
CMT chip.
Figures of merit for selected devices are listed in table 7.3.3.
The R A product and, therefore, Dee Star (D*) (See Appendix Al), was 
O J
degraded prior to optoelectronic assessment (See section 6.3.2 and table 7.3.2). 
The as-implanted photodiode and device B1762/45/4 had
TABLE 7.3.3 Zero-bias, 77K 271] FOV 500K background at 10.25fiM ,
DEVICE ANNEAL 
(o 10 mins) COQlM)
QUANTUM
EFFICIENCY
(%)
%(CMHz* w ) ,
B1762/45/3 NONE - 24.5 1 x 1010 28.7
B1762/45/4 200 - 22.3 1.1 x 1010 31.6
B1762/45/5 235 10.25 41.0 3.6 x 1010 103.4
dee-stars apparently limited by the internal thermal noise of the detector 
(See Appendix A.l). The performance of device B1762/45/5 is not believed
- 248 -
to be BLIP limited, noting that the calculations for dee-star assume 
the theoretical minimum thermal noise (Johnson-Nyquist noise) in the 
device (See Section 5.3.2).
The stability of a boron implanted photodiode, B1762/45/5, was assessed
by monitoring changes in the R_A^ product due to atmospheric exposure
and baking. No change was produced in the product (0.44-n.cm2)
after one week’s exposure of the unpassivated p-n junction to the
ambient. However, after light etching, the R A product was
O »J
improved almost three-fold to 1.2^i_cm2 . The native oxide (see
Section 7.1.2) therefore degrades the zero bias dynamic resistance
by promoting surface leakage currents. The mechanisms for surface
leakage have been discussed by Reine (10). It is suggested that
fixed negative charge in the oxide produces accumulation in the p-type
region, pinching off the depletion region at the surface, thereby
promoting a tunnelling current across the junction. To investigate
the thermal stability, the device was passivated with 3nS, which
slightly degraded the R A product to 1-ft-cm2 . The diode I(V)0 J
characteristic was destroyed by baking at 70 C for one hour, and could
not be restored by chemically etching the device. Previous baking of
unpassivated devices at 80°C for two hours in air merely softened the
diode I(V) characteristic (See table 7.3.2). It is therefore suggested
that boron implanted photodiodes may be unstable to thermal anneals 
o
in excess of 70 C for three hours.
The concentration profile of electrically active centres near a ptn 
junction cannot be reliably obtained from differential Hall effect 
measurements due to high substrate leakage currents. The Hall 
effect measurements discussed in Section 7.2. for the H.D.B implant 
(See table 7.2.1) were, therefore, supplemented by capacitance- 
voltage measurements on diodes prepared from identical samples from 
wafer B1762/45. Capacitance-voltage measurements could not be made 
on as-implanted diodes B1765/45/3 due to their excessive leakage 
currents in reverse bias. 1/C2 plots of the device capacitance (c) as 
a function of reverse bias for diodes B1762/45/4 and 5 (See Figures 6.3.6 
and 7) indicated abrupt junctions are formed after post-implant annealing 
at 200°c and 235°C respectively. Referring to table 7.3.4, the average 
mercury vacancy concentration in the vihcinity of the p-n junctions are 
2.5-3.5 times lower than expected from data for the bulk crystal (table 4.1.1) 
or estimates from Hall effect measurements on sample B1762/45/1 (Figure 7.2.6).
DEVICE : Ro
(-*•)
R A
° -2 (-a CM *)
Rseris
(-*-)
COMMENT
3 200 0.17 AS IMPLANTED
4 500 0.44 60 200°C ANNEAL
5 1000 0.87 100 235*°C ANNEAL
WAFER B1762/45. 77K.
B1762/45 77K, 1MHz
DEVICE BAND GAP 
(eV)
..
IONIZED ACCEP 
-TOR DENSITY 
NEAR JUNCT(CiT
COMMENT
4 0.22 1.51X1016 200°C ANNEAL
5 0.25 1.18xl016 23S°C ANNEAL
3 • — —
AS IMPLANTED DEVICE 
TOO LEAKY IN REVER 
-SE BIAS FOR MEASU 
-REMENT
Table 7.3; 4 BAND GAP AND AVERAGE SUBSTRATE ACCEPTOR 
DENSITY DETERMINED FROM C-V MEASUREMENTS.
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It is concluded that a p region exists behind the junction (8, 13). 
The presence of this region is consistent with the diffusion model 
developed in Section 7.2.2 (ii).
The band gap derived by extrapolation of the 1/C2 (V ) plot into the
R
forward bias region (56), is approximately twice the value expected 
from the bulk composition (Figure 2.4.1, table 7.3.4) and diode cut­
off wavelength (Figure A.1.1). This discrepancy may result from the 
stray capacitance and series resistance associated with the device, 
which also leads to an error in the value of the mercury vacancy
concentration derived from the gradient of the 1/C2 (V ) plot
R
(See Section 5.3.1). The stray capacitance is independent of bias
and additive to the bias dependent junction capacitance. Its effect
is manifested in Figure 6.3.6 as a downward curvature of the 1/C2 (VR
plot with increasing reverse-bias (decreasing junction capacitance).
net effect of the stray capacitance is to reduce the gradient of the
l/C2 (V ) profile, resulting in erroneously high values of the R
derived substrate carrier concentration (See equation 5.33). However, 
this discrepancy does not detract from the interpretation of the data 
The errors are in fact more complicated due to the presence of device 
photocurrent, and because the LCR meter calculates the device 
capacitance assuming a parallel capacitor-resistor combination.
The quality of boron implanted p^ -n junctions in CMT has been 
correlated with (1) the conditions of implantation (2) post-implant 
thermal treatment and (3) the nature of the donor-like centre at the 
interface of the type converted layer and substrate in table 7.3.5.
-f-
Consider devices formed by the H.D.B implant (see table 7.2.1).
A comparison of the R A products of p-n junctions produced by
0 J
the three defect centres suggests that the formation of p-n junctions 
in CMT of composition factor x = 0.2, is inhibited by the formation 
of electrically neutral defect complexes formed by mercury 
interstitials bound onto either the implanted boron atoms and/or the 
immobile defect centre. The existence of electrically neutral defect 
complexes is required to explain the concentration profile of donor­
like centres observed in post-implant annealed material (See Section
7.2.2 (ii).
The
TABLE 7.3.5.
IMPLANT DEVICE ANNEAL
Co 10 mins cr
R A 
0 J
(JLcm2)
JUNCTION
DEPTH
(im)
NATURE OF DONOR 
-LIKE DEFECT AT 
p-n JUNCTION
H.D.B+ B1762/45/3 NONE 0.17 0.7+0.14 IMMOBILE DEFECT 
AND BOUND HglNT
B1762/45/4 200 0.44 4-5 Hg INTERSTITIAL
B1762/45/5 235 1.2 0.8+0.16 IMMOBILE DEFECT*
L.D.B* Bl981/102/p NONE NONE 4-5 Bg INTERSTITIAL
Bl981/l02/£; 235 NONE 0.8+ 0.16 IMMOBILE DEFECT
+
* Estimated from L.D.B implant, sample B1981/102/6
The limited data in table 7.3.5 indicates that the best p-n junctions in 
boron implanted CMT may be formed between immobile defects/dopant and 
mercury vacancies. Recalling the degradation induced by annealing at 
235°C, it is suggested that devices should be formed by post-implant 
annealing at 200°C for times in excess of 10 minutes. The inability 
to form diodes from the Van der Pauw contacts on the L.D.B samples 
(See Section 6.2.3) is believed to be a result of the jhaxsh treatment 
given to these junctions during depth profiling.
In contrast to bulk grown material of composition Factor x = 0.2, p-n 
junctions can be formed in both as-implanted bulk material, composition 
factor x = 0.36 (See Section 7.3.1) and LPE CMT, composition Factor 
x = 0.3 (8). This comparison suggests that fundamental differences 
exist in the process of junction formation in ion implanted CMT with 
compositions, lyingbetween these values.
CHAPTER 8 CONCLUSIONS
This : chapter presents the.main conclusions from this, study on the 
effects of materials processing on CMT, the nature and distribution 
of electrically actice centres in boron implanted and post-implant 
annealed layers and the nature and quality of p-n junctions formed 
from post-implant annealed CMT substrates.
Dip etching of CMT in bromine-methanol produces a tellurium rich 
surface, which oxidizes upon exposure to the ambient. The composition 
of the surface oxide (Te^O^, x = 0.2) and its interface with the bulk 
crystal, normalized to the percentage of primary elements, reflects 
the average composition of the bulk crystal for alloys with composition 
factor x = 0.2. The rough surface topography of a dip etched sample 
results from undesirable microstructural features e.g dendrites or 
precipitates, which etch differentially to the CMT matrix.
The surface chemistry of CMT is stabilized through, the growth of a native 
oxide. For alloys of composition factor x = 0.44, a bromine-methanol 
etched surface oxidizes to.formTeO^. In contrast, self-limiting 
oxidation proceeds through the evaporation of mercury.from the crystal 
bulk of material with composition factor x = 0.2, producing an oxide 
whose composition is an inhomogeneous chemical mixture of oxidized 
primary elements. The native oxide of x = 0.3 alloy s (133, 135) has 
a composition intermediate to that on x = 0.2 and x = 0.44 material.
It is found that the anodic oxide formed by an anodization potential 
of 20V on an alloy of composition factor x = 0.2, has an inhomogenous 
composition consisting of a mixture of mercury and tellurium oxides.
The oxide grows by differential electromigration of ions across the 
oxide layer. Cadmium ions are lost to the electrolyte. Occasionally 
a sample will fail to re-anodize. This results from the formation"of~ 
a passivating layer at the anodic oxide/substrate interface, a 
consequence of the mechanism of oxide growth. The cdmposition of the 
passivating layer is unknown, although it was determined that interfacial 
oxidized mercury does not have a passivating property. In contrast to 
this work, several authors (133, 135, 136) have reported the composition
of anodic oxides to be mixed oxides of the primary elements, rich in 
cadmium. relative, to thebulk crystal composition. This discrepancy 
may be accounted for.by the different electrolytes, and substrate 
compositions . used... The formation: of passivating layers during 
anodization rendered this technique unsuitable as a method of layer 
removal.
P-type CMT is type converted through the implantation of boron ions.
In the absence of a post-implant anneal,, the electrical activity is
assumed to result from donor-like damage centres (8). The damage
centres have shallow energy levels .in the fofbidden gap,.which are
fully ionized at 84K. The concentration of donor-like centres is 
17 -3typically> 10 cm , defect levels must therefore form an impurity 
band, which forms.a continuum with the conduction band (24).
The nature and distributions of donor-like centres in boron implanted,
Bridgeman grown CMT, composition factor, x 0.2, are dependent upon
14 15 + -2 -3the dose rate , for doses of 10 -lo B cm . At dose rates 6 x 10
- 2
jLiAcm , type conversion extends several microns into the substrate.
It is speculated that this results from irradiation enhanced diffusion
of electrically active centres associated with mercury interstitials,
created during implantation.. A similar distribution has been reported
by Destefanis in.x = 0.2 LPE CMT (22), although the dose rate was not
reported. Implantation induced n-type:electrical activity is confined
—2 —2to the implanted region for dose rates 4 x 10 jiAcm . Immobile 
electrically active defect centres and defect complexes of mercury 
interstitials bound to damage centres and/or boron atoms, are contained 
within this region.
Post-implant thermal annealing at 200°C is sufficient, to free electrically 
active centres associated with mercury interstitials.from defect complexes 
in the’as-implanted region. Recombination with mercury vacancies and_ 
the formation of electrically neutral complexes accompanies thermal 
dispersion of mercury interstitials into the bulk crystal. Annealing 
at 235°C for 10 minutes is believed to completely anneal the electrical 
activity, associated with mercury interstitials, but only partially 
anneals, the concentration of immobile donor-like centres contained
within the implanted region.
Voids are formed in the implanted.region, through- thermal annealing 
o o
at 235 CV 200 C is therefore suggested as the maximum annealing 
temperature for encapsulated samples.
The depth distributions of donor-like, centres, in as-implanted and 
post-implant annealed CMT can.be described: by the superposition of 
a distribution of electrically active centres associated with mercury 
interstitials (bound or unbound) upon a distribution of immobile 
defect centres (contained within the implanted region) . Irradiation 
enhanced.or thermal diffusion-of electrically-active centres 
associated with mercury interstitials produces, a long tail to the 
carrier concentration profile, extending, several microns beyond the 
implanted region. The form of the carrier concentration profile is 
similar for both mechanisms of diffusion, suggesting the same 
process of interstitial-vacancy recombination and electrically neutral 
defect formation accompanies dispersal, of mercury interstitials 
into the bulk. This process cannot explain the distributions of 
post-implant annealed electrical activity in boron implanted LPE CMT, 
composition factor x = 0.3 (28),
Pf-N junctions: can be formed in boron implanted, Bridgeman grown CMT,
composition factor x = 0.2,. through post-implant annealing. : Substrates
15 + —2 —2 —2
were implanted with 10 B cm at dose rates^4 x 10 jiAcm and the
o o2nS encapsulated samples*furnace annealed at 200 C or 235 C for 10 minutes
Abrupt junctions are formed in samples furance annealed at 200°C.
The junctions are located several microns beyond the implanted region,
and are formed at, the interface between the substrate mercury vacancy
distribution and electrically active centres associated with mercury
interstitials. After annealing at 235°C, abrupt junctions, located
within the implanted region, are- formed between donor-like immobile
damage centres and the substrate mercury vacancy distribution.
Junction formation is inhibited*in as-implanted samples, implanted.. _
- 2  - 2at dose rates^ 4 x 10 jjAcm , by the formation of defect complexes 
between mercury interstitials with implanted boron atoms and/or 
immobile defect centres... Preliminary results suggest that the best
R A. products may be obtained: from junctions formed by the immobileO J
damage centre. A junction formed in boron'implanted material, furnace
o 2
annealed at 235 C/10 mins, had an R A product of l.'2-n.cm and D*o J *
of 3.6 x lO^cmHz^W ^ . at 10.25jjm. The device.D* was limited
by electrical-noise in excess- of the: theoretical minimum internal
noise (Johnson-Nyquist) of the.detector. The R product and D*
0 J A
of this device was three times greater than photodiodes formed
"h
after annealing B implanted substrates at 200*C/10 mins.
The extreme sensitivity of; the distribution of mobile electrically 
active centres associated with ibercury interstitials to annealing 
temperature suggests that control of the rqAj product of p-n 
junctions formed from such defects by furnace annealing is 
impractical in CMT. Noting; thermal degradation of the sample occurs 
at 235°C, it is suggested that junctions should be formed from the 
immobile damage, centre by annealing at 200°c for in excess of 
10 minutes.. 1
PROPOSALS FOR FUTURE WORK
It is suggested that further experiments are made to determine the 
relative effect of the implanted dose, dose- rate and furnace
annealing conditions on the distribution of electrically active
i
centres in implanted, substrates, and the quality of the photodiodes 
produced.. The influence of the substrate material should also be 
assessed. Thin (approx lOjjm), low carrier concentration p-type 
epi-layers on high resistivity: substrates' should, be implanted in 
preference to bulk grown-material, to reduce substrate leakage 
currents in Van der Pauw measurements. It is recommended that laser 
and optical annealing methods are investigated, in conjunction with 
furnace annealing. The r qAj product of photodiodes .could be improved 
by a surface passivation, since it is believed that the R0Aj product 
of the unpassivated photodiodes in this study were limited by 
surface leakage currents, induced by negative fixed oxide charge.
APPENDICES
Al 'P-N:JUNCTION PHOTODIODES
A synopsis of the theory and.performance limits of abrupt, p-n 
junction photodiodes is discussed. Detailed analyses are given in 
the reviews by Grove (123), Sze (56), Long (122) and Elliot (147).
From the depletion approximation for a p-n junction (42), the 
current-voltage characteristic of an unilluminated photodiode is given 
by (56),
1 = 1  d s
f  exp (qv/jj kBT) - 1 J (A.l)
where I is the reverse-bias saturation current. The factor is 
dependant upon the junction current mechansim (123). ft is unity 
if diffusion of minority carriers in the neutral regions (Figure A.1.1)
hv
Q
N
space-charge 
region
FIGURE A.1.1
to the p-n junction determines the diode current. If generation and 
recombination of carriers in the space-charge region contribute to the diode 
current, 1 < ? <  2. Photodiodes are commonly operated at zero bias to 
reduce the internal electrical noise of the photodiode (122) and the 
cooling load imposed by the device (147). The photodiode dynamic 
resistance at zero bias,
is.related.to the.diode £ GVl characteristic by,
r = j^K'T 
o * B .....  (A.3)
qrcs
The product of with the optically active:area (R A ) will be shown 
0 0 J
subsequently to be a key figure of merit relating materials properties 
to the detectivity (Dee-star) of the photodiode.
Upon illumination with photons of energy hv > Eg, where Eg is 
the band gap, electron-hole pairs are generated in CMT by intrinsic 
absorption of the incident photons (122). In a photodiode, electron- 
hole pairs generated by optical absorption in the space-charge region, 
are immediately separated, by the junction field. Correspondingly, 
minority carriers generated by photon absorption in the neutral regions 
diffuse to the junction where they are swept across to produce an open- 
circuit photovoltage or short-circuit photocurrent. In order to 
suppress the concentration of thermally generated carriers and achieve 
the desired, long wavelength limit, of photoresponse, infrared photodiodes 
are cooled, typically to 77k for 8-14jiM operation (122) . The cut-off 
wavelength, \  , is related to the band gap through the relation,co
X -rw he .....  (A.4)
CO —  —Eg
where h is Planck.'s Constant and c is the speed of light. Relationships 
between the CMT composition factor (x) , band gap, cut-off wavelength 
and temperature are presented in Figure A.1.2.
-2 -1
Consider a photodiode illuminated with Q photons cm s of energy
B
hv >  Eg. The magnitude of the induced photocurrent is,
S h  =........................................... .... . (A-5)_
where n is the quantum efficiency, defined as the. number of optically 
generated carriers crossing the p-n junction per incident photon.
The photocurrent is independent of the-' diode dark. current (1.^ ) , and 
therefore the total diode current under illumination is approximated by
- A3 -
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DEPENDANCIES BETWEEN BAND GAP,50% CUT-OFF WAVELENGTH, 
COMPOSITION FACTOR AND TEMPERATURE IN CMT.
AFTER REINE(IO).
a linear superposition of the chrkand photon currents (10)
IL = Xs . [  « p .< J V /p  KbT) - 1 ]  -Iph (A.6)
The minimium radiant power detectable by a photodiode is ultimately
limited by random fluctuations in the flux of background radiation,
superimposed upon the signal radiation (122). This is known as the
BLIP limit* Typically, the minimum radiant power, or noise
equivalent power, detectable is limited by the internal electrical
noise of the photodiode. There are several sources of internal
electrical noise (122). They result from random fluctuations in
the densities and velocities of free carriers produced by random
variations in the rates of generation - recombination, and thermal
motion, of carriers respectively (147). Long (122) has shown that
the dark current of a CMT photodiode, operating at 77K, with a cut-off
wavelength of lOjiM, is determined by the diffusion current from the
p-type region. Reine (10) has derived the total noise signal
generated by a diffusion dark current and the photon current. The
diffusion current is the sum of the bias dependent forward current
(I exp(qV/K T)) and a constant reverse current I . Following Reine 
s B * S
(10), it is assumed that all three current components fluctuate 
independently, whereupon the mean squared, shot noise current is,
where A F  is the noise bandwidth. At zero-bias and in the absence
of a photon flux, the mean squared noise current is the Johnson-Nyquist
noise of the photodiode zero-bias resistance (122),
(A.7)
I 2 = (4K T/R )AF (A.8)
n
V = 0 B o
- A5 -
therefore,
n v = 0 = (!V_ + 2^ q2QBV AF
Ro
(A.9)
From the definition of dee-star (See Sections 4.5.2,and 5.3.2)7 
the spectral dee-star at wavelength\ is,
>2sa •
he
(4V /Roaj ) + 2^ qb (A. 10)
For a BLIP limited photodiode, from equation (A.9) ,
V >  2KBT ^ 2BAJ)
-X
therefore
D>*BLIP he 2 Q.B
(A.11)
Correspondingly, if the detector is limited by thermal noise,
da th
\"hq
he
R A 
0 J
4K T 
_ B J
(A.12)
Equation (A. 12) illustrates the significance of the R^^product as 
a photodiode Figure of merit.
The relationship between R A  and materials properties has beenQ J
discussed extensively by Long (122) and Reine (10). For a CMT
photodiode whose I(V) characteristic is determined by the diffusion
current, Long (122) has shown the optimum R A product is given by,
0 J
(R A ) = K T N ‘ *1'
0 J B A e ...p sp -a   (A-13)
e'
where “7^ is the minority carrier lifetime, L^ the minority carrier 
diffusion length and d the thickness of the p-type region. R^oAj^p
as a function of cut-off wavelength at 77k  and f°r a 500K
blackbody source are presented in table A.1.1, Pitcher's Dee-star
measurements were made using a 500k blackbody. Assuming an ideal 
photon detector response to be a saw-tooth function of wavelength 
(122), the blackbody dee-star is related to the spectral dee-star 
through the relation (122),
D x = , 500K). d*b b (500K).................... .....  (A.14)
Values of the function j ( \  I 500K) have been tabulated by Levinstein 
(122) (See table A.1.1).
TABLE A.1.1
v77K
CO
(jJM)
(R A ) * *  0 J p
(Jlcm2 )
Dv
aBLIP_1 
(Hz, cm£ w
------ ------------
J ( a, 500K)
2 .5
17
1 .5  x 10 4 .03  x 1010 --- > &Q
10.25 8 .4  x 101 3 .48  x 1010 2 .25
** Assuming radiative lifetime (10), d = lOjlM, N = 4 x 10 cm
APPENDIX. A2 : .NOBILITY AND HALL .COEFFICIENT ;IN;P-TYPE CMT (x = 0.3)
Figure A.2.1 illustrates theoretical plots of the temperature profile 
of the Hall coefficient (R ) for p-type CMT. The profiles were 
derived from the full expression for the Hall coefficient (equation 
5.5) and assume constant values of the mobility ratio. The 
calculations utilized the measured value of the acceptor concentration 
and Hall hole mobility in the exhaustion region for the prtype sample, 
composition x = 0.3 (B1059/24) reported in Section 6.3.1. The band 
gap and intrinsic carrier concentrations were calculated from the 
Hansen relations (equations 2.7 and 2.9 respectively), from which, in 
association with the mass action law, the electron and hole 
concentration as a function of temperature were obtained.
Relatively poor agreement exists between theory and experiment
at temperatures above the exhaustion range in Figure A.2.1. The
theoretical plots show-a considerable deviation from the experimental
data about the maximum value of the Hall coefficient. This results
from either an inaccuracy in the Hansen expression from the
intrinsic carrier concentration and/or the inadequacy of a constant
mobility ratio as a fitting parameter. From inspection of
Figure A.2.1,the theoretical calculations show that both the Hall
maximum and Hall minimum tend to saturate for a mobility ratio in
excess of several hundred. For the conditions of calculation the
latter effect is apparent from inspection of the full equation for
the Hall coefficient (equation 5.5) . At R = 0 we have,
H
which for b<!00 simplifies in our calculation to the condition for
is dependent upon both the electron concentration^ n,. and mobility ratio,
P = nb2 (1+jLi 2 B2 ) 
P ZR (A.15)
1 +b2 u 2 B2 
P 2
R = 0 expected from the simplified expression of the Hall coefficientH — .
(equation 5.6), that is
(A.16)
since ji B «  0. Thus, the temperature at which the Hall minimum occurs
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FIGURE A.2.1 THEORETICAL HALL COEFFICIENT AS A
FUNCTION OF THE MOBILITY RATIO IN P-TYPE 
MATERIAL.
b, since the hole concentration, p,.is approximately constant over the 
temperature range of the experiment * However;if b > 100 equation (A15) 
simplifies to,
n = pp.2 B 2
P z (R = 0) H
(A.17)
here the position of the Hall minimum is independant of the mobility 
ratio as shown in Figure A.2.1. Over the.temperature interval of 
the Hall minima the heavy hole concentration can be regarded as 
invariant and the hole mobility is expected to vary by a factor less 
than four (See section 2.6). A mobility ratio greater than a hundred
is possible in this narrow gap material (Section 2.6). Equation A.17 
therefore indicates that the inadequate prediction of the Hall minimum 
is mainly associated with the extreme sensitivity of the expression for 
the Hall coefficient to the inaccuracy in calculating the rapidly 
varying electron concentration, through the intrinsic carrier 
concentration using the mass action law.
The temperature dependence of the Hall mobility ratio was calculated 
from the quadratic equation formed upon making the mobility ratio the 
subject of the simplified equation for the Hall coefficient.
TABLE A.2.1
T
(K)
103(1/T) 
(K_1)
MOBILITY RATIO 
(b)
133.3 7.5 3100
142.9 7.0 1600
153.8 6.5 890
166.7 6.0 640
181.8 5.5 460
200.0 5.0 310
222.2 4.5 210
250.0 4.0 90
285.7 3.5 25
Table A.2.1 displays the' calculated'., temperature dependence of the 
mobility • ratio.'. The experimental values of the Hall. coefficient 
as a function of temperature (Figure 7.2.1) . were. utilized in these 
calculations, the electron and hole concentrations calculated by 
the method previously discussed.
APPENDIX A3 . . SPECTRAL . ipWEEFERENCE . OF .THE . Te (3d)
. AND Hg (4p). 2/2 PH0T0SIC3NALS
From table 5.1.2 the ratio of subshell intensity factors is, 
. . STe (3d).5/2
SHg(4p)3/2
>  5
Therefore for CMT of composition x = 0.2 the ratio of peak intensities 
is,
.Te(3d)5/2 = . 5 x l  =6.25
AHgt4P)3/2 °-8
Thus a superposition of the Hg (4p) photosignal upon that of the 
TeOd) ^ ^^ woul^ result in a negligible perturbation to quantitative 
XPS data.
APPENDIX A4
The rate of arrival of N molecules of molecular weight M at T kelvin 
upon 1M2 of surface from a pressure P NM 2 ambient is (148)
-1
N = 2.24 x 10“"*P(MT) x Molecules m ’.24 -t - -
Assuming a pure oxygen ambient at atmospheric pressure and 293K,
26
1 x 10 molecules of oxygen would have bombarded the specimens
surface (area-yu0.5cma) in this period. Although the ambient .is only
14 1520% oxygen only 10 -10 bombarding oxygen atoms are required for
a monolayer coverage assuming a sticking coefficient of unity.
APPENDIX A5 O (Is) DUAL PEAK COMPOSITE
The oxygen (Is) profile, Figure 6.1.2, and its wide basewidth U.6eV) 
suggest this signal is a dual peak composite. From an extrapolation 
of the visible structure, the centroid of the higher energy envelope 
is.located close.to the reference position on the binding energy scale. 
This signal may result from physisorbed oxygen on the sample surface 
or organic. contamination. The centroid of the low energy envelope is 
negatively displaced by^u2eV from the reference position;corresponding 
to a net gain of electronic charge by the atom (See Section 5.1). This 
component of the signal is therefore oxygen chemically associated with 
tellurium. From the 0 (Is) peak profile it is estimated that 55% of 
surface oxygen is combined in this manner.
APPENDIX!-A6 ANODIZATION ' : EXPERIMENTAL OBSERVATIONS
The thickness of an anodic oxide is a function of the anodization
o
potential, ranging from< 100A at 5VD.C (very light yellow) to
1000 _+ lOo£ at 20V D. C. (dark blue) . The depth of substrate removed
o |by the formation of a dark blue 20V anodic oxide was 500 A. The 
anodization process (See Section 4.1.3) could reproducibly remove 
this depth of material to Hr 15o£ for an oxide of this particular 
colour. However, the colour of an oxide was often inconsistent 
upon successive anodizations on the same substrate under identical 
conditions.
The successive formation and removal of an anodic oxide produces 
a concurrent degradation in the optical finish of a CMT substrate.
The metallic lustre of chemically polished substrates degrades 
into an increasingly grey tone. Optical microscopy revealed the 
presence of parallel channels of period 0.2jiM. Total changes 
therefore result from the scattering of light by the channeled surface 
tcpolography.
CMT could not be anodized an indefinite number of times. Failure 
to anodize would occur after a random number of anodizations, 
samples rarely being anodizable more than six times at 20VD.C. 
Anodizability could be restored to a specimen after etching in bromine- 
methanol . .
APPENDIX.A7 : OXYGEN. (.Is) DUAL PEAK.COMPOSITE IN .THE 20V ANODIC OXIDE
From the angularly resolved XPS narrow scans in Figure 6.1.11,
correcting for the carbon (Is) shift (+2,.leV) both shoulders
on the oxygen (Is) photosignal intensity profile have a negative
displacement from the oxygen(Is) reference position. Because
the concentration of cadmium is negligible in the anodic oxide,
table 6.1.14, the relative concentrations of oxidized tellurium
and mercury must correlate with the relative intensities of the
two chemical states of oxygen. XPS narrow scans are presented as
the normalized relative intensity of signal. Therefore which signal
actually increases, or alternatively decreases relative to the other
cannot be deduced from them. The peaks' of the oxygen (Is)
photosignal must be assigned through correlation of their relative
intensity with the quantitative XPS data (table 6.1.14). From table
6.1.14 the surface concentration ratios at an analysis angle of 75°
conveniently show the surface atomic ratio of oxygen to both mercury
and tellurium is 1:1. The relative ratio of surface atoms is
therefore 1(0) : 0.6(Hg) : 0.4(te). The corresponding photosignal
intensity of the oxygen associated with tellurium peak to the
mercury associated oxygen peak obtained from the relative ratios of
oxygen atoms associated with each species would be 1.5. It is
o
concluded from the 75 narrow scan in Figure 6.1.11 that the 
oxygen (Is) profile on the low binding energy side of the peak 
results from oxygen chemically associated with tellurium.
The remainder of the oxygen profile must therefore represent oxygen in 
chemical combination with mercury.
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